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Abstract 
 
Porous alumina anodized (PAA) membranes are widely used as templates for 
electrodeposition of conductive materials or directly as photonic material [1-3] due to the regular 
distribution of pores when anodized under defined temperature, electrolyte and voltage.  
 
This thesis investigated PAA nucleation and development under constant voltage in order 
to develop a periodic anodizing procedure to control pore diameter and interpore distance along 
the pore main axis. The periodic change in the geometrical parameters modifies the optical 
properties of the membranes and visible light interacts with the porous membrane when the 
periodicity of the structure is of the same order as the light wavelength. Two porous structures 
with reflectance peaks in the visible range were realized and their optical properties were studied. 
Branched membranes presented alternated layers of branched pore and main pore layers of 
controllable thicknesses. The reflectance spectra was modelled as a Bragg stack whose 
thicknesses and refractive indices of the alternating layers were obtained from ellipsometrical and 
SEM measurements of PAA membranes. The second structure was defined as necked membrane, 
as it presented periodic enlargements and restrictions of pore diameter along the pore main axis 
without branching. Reflectance spectra showed a single peak in the visible range whose position 
could be controlled by the anodizing temperature.  
Reflectance spectra showed by branched and necked samples were considered promising 
with regards to applications as interleaved reflectors in reflective displays. The presence of 
selective reflective layers interleaved in a stack display reduces light losses due to undesired 
absorbance of colour layers and more freedom in display design. [4] 
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3. Zheng, W.J., et al., Distributed Bragg reflector made of anodic alumina membrane. 
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4. Kitson, S., et al., Bright color reflective displays with interlayer reflectors. Optics Express, 
2011. 19(16): p. 15404.  
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cyclic procedure reproduced in Fig. 6.11 a).  
Fig. 6.16: (a) particular of the trend of the current and voltage and (b) SEM images of the cross 
sections with branches, red circles, of a sample periodically anodized: after nucleation the voltage 
decreases to 23 V linearly with two different slopes: first down to 47 V in 150 seconds, then to 23 
V in 60 seconds; afterwards the voltage increase to 53 V in a sinusoidal way.  
Fig. 6.17: SEM backscattered images of the cyclic sample already showed in Fig. 6.11. The 
platinum deposited in the structure results brighter than the PAA membrane. 
Fig. 6.18: schema of the reciprocal position of pores in a perfect hexagonal distribution: pores are 
located at the vertices of an equilateral triangle with interpore distance as edge.   
Fig. 6.19: trend of the current during one cycle divided into 5 areas. Each part was then integrated 
in order to calculate the amount of charge transferred. 
Fig. 6.20: (a) trend of the current and voltage at the end of anodization and (b) correspondent 
PAA cross section imaged using SEM. The red circle evidences the start of branches close to the 
pore base. 
Chapter 7: 
Fig. 7.1: linear polarized light interacting with a porous aluminium membrane during an 
ellipsometrical measurement. 
Fig. 7.2: index ellipsoids of (a) isotropic material (nx = ny = nz), (b) uniaxial material (nx = ny ≠ nz) 
and (c) biaxial material (nx ≠ ny ≠ nz). [2] 
Fig. 7.3: PAA membrane as uniaxial material (nx = ny ≠ nz), the axis shows the direction in which 
the optical properties (n and k) change. 
Fig. 7.4: a compensator converted linear polarized light in circular polarized light or the other way 
around changing the phase between s- and p- polarization. [2] 
Fig. 7.5: a cyclically anodized PAA membrane presenting branches changes its refractive index 
periodically forming a Bragg stack.  
Fig. 7.6: top view SEM images of a sample periodically anodized for 10 hour (a) before etching and 
(b) after. 
Fig. 7.7: Bragg stack made of a N-repetitive units of two layers of different thickness and refractive 
indices n1 and n2. The top layer is air while n3 is the refractive index of aluminium.  
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Fig. 7.8: reflectance spectra measured using an integrating sphere for a sample anodized at (a) 
constant voltage and a (b) branched sample. 
Fig. 7.9: reflectance spectra measured using the ellipsometer setup for a sample anodized at (a) 
constant voltage and a (b) branched sample. 
Fig. 7.10: ellipsometrical results showing Ψ and Δ against wavelength for sample anodized at 
constant (a) 53 V and (b) 25 V. 
Fig. 7.11: ellipsometrical model for a PAA membrane anodized at constant 53 V for 15 minutes. 
The model consists of aluminium from database as substrate, an effective medium approximation 
layer to simulate the barrier layer at the pore base and an anisotropic uniaxial layer for the PAA 
membrane.  
Fig. 7.12: ellipsometrical model for a PAA membrane anodized at constant 25 V for 720 seconds 
after nucleation (180 seconds). The model consists of aluminium from database as substrate, an 
effective medium approximation layer to simulate the barrier layer at the pore base, an 
anisotropic uniaxial layer for the PAA membrane developed at 25 V and an anisotropic uniaxial 
layer at the top with the same optical properties of PAA anodized at 53 V.  
Fig. 7.13: (a) ordinary refractive indices in-plane and (b) extraordinary out-of-plane for a sample 
anodized at 25 V (after initial nucleation), black curves, and for a sample anodized at 53 V. 
Fig. 7.14: trend of voltage and current against time during anodization of a branched sample. The 
voltage varies between 53 V and 25 V. 
Fig. 7.15: reflectance spectrum of a branched sample at 15° for the (a) whole range of wavelength 
and (b) focused in the visible range. 
Fig. 7.16: comparison between experimental (a) and simulated (b) reflectance spectra for a 
branched sample. 
Fig. 7.17: particular of the trend of voltage and current during anodization of a branched sample. 
The voltage fluctuates between 53 V and 25 V. 
Fig. 7.18: comparison between (a) simulated and (b) experimental reflectance spectra for a 
branched sample. 
Fig. 7.19: SEM cross section images of a branched sample with an anodization segment at 
constant 53 V (see Fig. 7.17). Red circles evidence some branches fully visible in the structure. 
Fig. 7.20: (a) anodizing voltage/current against time of a branched sample with a linear decrease 
from 53 V to 49 V in 30 seconds and (b) reflectance spectrum of the sample at 15˚, 30˚ and 45˚ 
angle of incidence. 
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Fig. 7.21: refractive indices of aluminium oxide according to Palik (black curve), ellipsometrical 
results on a 53 V constant anodized sample (red curve) and on a 25 V constant anodized sample 
(green curve). 
Fig. 7.22: particular of the trend of the current during necking anodization at 19˚C, 21˚C and 27˚C. 
Fig. 7.23: reflectance spectra in the visible range for sample anodized according to the necking 
procedure at 19˚C, 21˚C and 27˚C. 
Fig. 7.24: pictures of the necking samples showing the difference reflectance; from left to right 
the anodizing temperature was 19˚C, 21˚C and 27˚C. 
Fig. 7.25: reflectance spectra at 15˚, 25˚, 35˚ and 45˚ angle of incidence for the necking samples 
anodized at (a) 19˚C, (b) 21˚C and (c) 27˚C. 
Fig. 7.26: (a) reflectance with and without the aluminium substrate and (b) transmission and 
reflectance spectra for a necked sample anodized at 21˚C after aluminium removal. 
Fig. 7.27: (a) trend of voltage/current against time during anodization and (b) the reflectance 
spectra measured from 270 to 1600 nm of a necked sample whose anodizing voltage was 
designed to shift the reflectance peak position and the necked sample at 27 °C already presented 
in Fig. 7.22. 
Chapter 8: 
Fig. 8.1: diagram of a piece of metal cold worked using a rolling mill. The two black curved arrows 
show the rotation direction while the bigger brown arrow indicates the movement of the 
aluminium foil. The neutral or no-slip point is indicated. 
Fig. 8.2: diagram of an aluminium foil subjected to pure tensile stress. The two brown arrows 
show the direction of the force applied while the dash line indicated that the sample tend to neck 
when it is plastically elongated in order to conserve the mass. 
Fig. 8.3: Example of a diagram stress/strain displaying the behaviour of a metal during a tensile 
stress test. Yield strength (σy), tensile strength (σTS) and fracture point are shown. The slope of the 
initial linear part of the curve gives the Young modulus of the sample.  
Fig. 8.4: diagram of an electron back-scatter diffraction analysis (EBSD). A beam of electrons hits 
the sample and is backscattered on a phosphor screen where it forms a diffraction pattern which 
is recorded and analysed to determine the grain orientation in the sample. 
Fig. 8.5: ICP calibration fitting: five concentrations of Al standard solution in HCl at specific 
concentrations (0, 1, 5, 10 and 15 ppm) were used to check the linearity of the calibration before 
performing the measurement. All measurements were taken at a wavelength of 1670 nm. 
Fig. 8.6: the left column present maps of the grain structure for unstressed (a), tensile (c) and 
shear/compressive (e) aluminium substrates. The grains in each map are coloured depending on 
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the information carried by the backscatter electrons coming from that precise area. The right 
column represents pole figures for unstressed (b), tensile (d) and shear/compressive (f) 
aluminium substrates. The crystal orientation of each substrate is compared with a face-centre 
cubic orientation represented by the three planes identified using the Miller indices {100}, {110} 
and {111}. 
Fig. 8.7: 2D AFM images of an (a) unstressed substrate, (b) a tensile stressed substrate and (c) a 
shear/compressive substrate. The area examined is 1x1 µm for all the samples. 
Fig. 8.8: 3D AFM images comparing the surface of (a) a tensile stressed substrate and (b) a 
shear/compressive stressed substrate. 
 
Fig. 8.9: fluctuations of the anodizing current for an unstressed substrate (a) in linear scale and (c) 
logarithmic scale  and a shear/compressive stressed substrate (b) in linear scale and (d) 
logarithmic scale. In both case the anodizing time was 1 hour.  
Fig. 8.10: graph showing the fluctuation of the current during anodization at 40 V for a tensile 
stressed aluminium substrate. 
Fig. 8.11: graph comparing the fluctuation of the current for a tensile (red curve) and 
shear/compressive (black curve) stressed sample. Both the curves have the same area in that the 
same amount of charges involved in the anodizing reaction. 
Fig. 8.12: SEM images of the oxide layer (a) on a tensile stressed aluminium substrate and (b) on a 
shear/compressive stressed aluminium substrate. 
Fig. 8.13: Fast Fourier Transform images (FFT) of SEM top view images of a PAA membrane (100 
kX) grown (a) on a tensile stressed substrate and (b) on a shear/compressive substrate.  
Appendix A: 
Fig. A.1: first impedance spectra, voltage applied 40 V, 1 MHz to 1 mHz, amplitude 10 mA, no 
noise reduction, 5 acquisitions per frequency.  
Fig. A.2: second impedance spectra, voltage applied 40 V, 1 MHz to 1 mHz, amplitude 10 mA, 
noise reduction, 5 acquisitions per frequency. 
Fig. A.3: first impedance spectra, voltage applied 40 V, 1 MHz to 1 mHz, amplitude 10 mA, noise 
reduction, 5 acquisitions per frequency.  
Fig. A.4: second impedance spectra, voltage applied 40 V, 1 MHz to 1 mHz, amplitude 10 mA, 
noise reduction, 5 acquisitions per frequency.  
Appendix B: 
Fig. B.1: cell setup. 
Fig. B.2: possible hydraulic circuit for anodization.  
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Chapter 1:  Introduction 
 
This thesis is concerned with the application of porous alumina anodized (PAA) 
membranes as reflector interleaved layers in reflective display. The present chapter introduces 
the field of reflective displays and reflection enhancement in periodic structures. The change in 
PAA refractive index by anodization is the motivation for the investigation of its optical properties 
and reflection spectra. The need to control pore architecture requires a detailed understanding of 
the electrochemical reactions occurring during the anodization procedure. 
 
1.1  Display 
 
The term reflective display [1-2] denotes a display which works in reflectance in that an 
external light is partially absorbed by the display layers and the rest is reflected back allowing the 
display of colour images. A reflective display can be formed by side by side colour layers (blue, red 
and green) or by a stack structure of layers (yellow, magenta and cyan). In a side by side structure 
the maximum reflectivity can be 33% due to area constraint, whereas in a stack structure the area 
of each layer remains the same. However, in a stack structure the light has to pass through the 
layers twice: the light loss due to absorption in the substrates, electrodes, etc. is higher than 
emissive colour display where the light has to travel only one time through the layers [3]. In a 
stack structure three electro-optical layers can form a reflective display made by the 
superimposition of the three layers corresponding to the three primary colours: yellow (blue 
absorbing), magenta (green absorbing) and cyan (red absorbing). The efficiency of this system is 
determined by the selectivity of absorption of the layers. Fig.1.1 a) shows the ideal absorbance 
spectra for the three layers, whereas Fig. 1.1 b) shows the real absorbance spectra for the three 
layers. [4] 
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a)        b) 
Fig. 1.1: (a) ideal absorbance spectra and (b) real absorbance spectra [4] for the three layers. 
 
Fig. 1.1 b) shows that the absorbance spectra of the colour layers are partially superimposed. 
When the light passes through the first yellow layer, both blue light and part of the green light is 
absorbed. Therefore the amount of green light that can reach the magenta layer underneath is 
reduced and the efficiency of the reflective display decreases. To limit light loss due to excessive 
absorption Kitson et al. [4] have suggested the use of interleaved reflection layers. Fig.1.2 shows a 
schematic of the proposed display.   
 
 
Fig. 1.2: example of a subtractive display where optical layers (yellow, magenta and cyan) alternate to 
reflectors (blue, green and red). [4] 
 
The selective reflective interlayers reflect the light at the same wavelength that is 
modulated by the colour layer. For example the yellow colour layer modulates the blue light and 
the reflector underneath stops any blue light from reaching the other layers. As a consequence 
the fact that the other layers underneath reflect or absorb blue light is irrelevant as no blue light 
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will reach them. In addition the fact that blue light has to travel only through one layer increases 
the efficiency of the reflectance in the blue range of wavelength. The path for red light is not 
changed and the increase in efficiency in the red range of wavelength is determined by the non 
absorption of red light by the layers above. Beside the increase in efficiency this system also 
allows more freedom in designing the colour layers. The selective reflective interlayer needs to 
have a limited thickness and a reflectance limited in a specific wavelength range. This thesis is 
concerned with the use of PAA membranes as interlayers; these potential selective reflective 
interlayers can have a thickness of less than 100 µm and can be made in a cost-effective manner 
through anodization. Reflectors described in [4] are made using a vacuum coating process which 
increases the cost of the membranes, therefore a low cost scalable anodization procedure will be 
an attractive option. The fabrication and reflectance spectra of PAA membranes are reported in 
this thesis. 
 
1.2  Reflection, absorption and transmission by 
materials 
 
 When light interacts with a material there are three possible outcomes: reflection, 
absorption or transmission depending whether the light is reflected back, converted into other 
form of energy in the material or passes through the material. The percentage of light which is 
reflected, absorbed or transmitted depends on the optical properties of the material, in particular 
on its dielectric constant~   


n~~   .          [eq. 1.1] 
As the magnetic permittivity   is close to unity at optical frequencies for most materials the 
permittivity is correlated to the complex refractive index ( n~ ) of the material which is 
iknn ~           [eq. 1.2] 
where n  is the real part of the refractive index of the material and k is the imaginary part of the 
complex refractive index.  
The refractive index n  is correlated to the speed of the light in a material ( v ) according to 
v
c
n             [eq. 1.3] 
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where c  is the speed of light in vacuum, whereas k  is correlated to the absorbance of light. 
Fig.1.3 shows the propagation of light in a material where 0k  and in a material where 0k . 
[5] 
 
Fig. 1.3: behaviour of light at the interface between two materials: in case (a) there is no absorption and 
the light is changing only its speed, whereas in case (b) due to absorption also the amplitude of light wave 
changes. [5] 
 
As can be seen from Fig.1.3 a), as the light enters a material whose complex refractive index is 
reduced to n , there is only a change in the speed phase of the light while the amplitude remains 
the same. By contrast in Fig.1.3 b) when 0k  a decrease in the wave amplitude occurs due to 
absorption. Transparent layers show no absorption, in that the value of k is almost negligible. As 
aluminium oxide is a transparent material, for the work reported in this thesis it is important to 
focus on n  as k is considered negligible. 
 
1.3  1D photonic materials: multilayer systems 
 
A multilayer system is a stack of layers with different refractive indices such that the light 
has to pass through different interfaces changing phase speed and amplitude according to the 
optical properties of each layer. In a multilayer system optical waves interact with the periodic 
structure when the periodicity is of the same order as the incident wavelength. Waves are 
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transmitted, absorbed or reflected passing from one layer to the other. When waves interact with 
each other then, depending on their phase and amplitude, they can compensate (destructive 
interference) or they can add to each other (constructive interference). Fig.1.4 shows the 
interaction between light reflected at interfaces resulting in interference. 
 
Fig. 1.4: light with an incident angle Θ reflected by a layer. Constructive interference occurs when Bragg’s 
law is satisfied. 
 
From a geometric consideration of Fig.1.4 constructive interference occurs when Bragg’s law 
 md sin2           [eq. 1.4] 
is satisfied. Fig.1.5 shows a multilayer system in which the refractive index of the air is smaller 
than the refractive index of the first layer which, in turn, is smaller than the refractive index of the 
second layer.  
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Fig. 1.5: representation of a multilayer structure interacting with light. 
 
The light hits the sample and travels through the first layer of thickness d1 changing its 
angle according to Snell’s law (eq. 1.5 below). The angle changes again when the ray enters the 
second layer. At the base of the second layer the light is refracted back and the exit path mirrors 
the entry path. According to Snell’s law the mathematical relations among the three angles are 
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            [eq. 1.5] 
and 
2
2
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n
na
a



.           [eq. 1.6] 
When the light is refracted out of the multilayer structure, it interacts with the light reflected 
from each layer giving destructive or constructive interference. A reduced reflectivity is obtained 
for destructive interference; by contrast in constructive interference the intensity of the light 
increases. In order to have constructive interference the difference in path between the light 
reflected by the sample surface and the light which has travelled through both layers has to be a 
multiple of the light wavelength. Considering Fig.1.5 the relation is 
ACnFGnCFnm a 21 22           [eq. 1.7] 
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where 
1cos
DF
CF              [eq. 1.8] 
2cos
HG
FG               [eq. 1.9] 
and 
 2211 tantansin2  ddAC a  .       [eq. 1.10] 
From the dependence on θa using Snell’s law the resulting equation is 
aa
aa
aa
aa
aaaa nn
dn
nn
dn
nn
dn
nn
dnm






222
2
2
2
2
222
1
2
1
2
222
2
2
2
2
222
1
1
2
1
sin
sin
sin
sin
sinsin2 






  
    [eq. 1.11] 
which can be reduced to 
aa ndnd
m

 22
22
22
11 sinsin
2
 .        [eq. 1.12] 
In conclusion the incident light and the reflected light can interfere in a constructive or 
destructive way depending on changes of phase and intensity due to the interaction with the 
periodic structure. The wavelength at which the structure gives rise to constructive interference 
depends on the refractive indices and thicknesses of the layers. 
  
1.3.1 Bragg grating 
 
A Bragg grating is a multilayered structure made of N uniformly spaced identical units. 
Each unit is made of layers with a specific effective refractive index and thickness. The partial 
reflections of each unit contribute to enhance the total wave reflected. The maximum reflection 
of the system occurs when  


 Bqcos           [eq. 1.13] 
where   is the angle of incidence, ,..2,1q ,   is the frequency of light and  


2
c
B
 
         [eq. 1.14] 
where  is the thickness of the repetitive unit in the multilayer structure. B  is called the Bragg 
frequency and depends on the geometry of the multilayer structure. According to eq. 1.13 at 
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normal incidence the reflectance spectrum presents peaks at frequencies which are integer 
multiples of the Bragg frequency, i.e. 
 Bq  .          [eq. 1.15] 
When B  the Bragg condition is not satisfied. When BB  2
 
the Bragg condition is 
satisfied at one angle, whereas for B 2
 
the condition is satisfied at more than one angle. 
The total reflectance of this structure ( NR ) is related to the reflectance of each of the N 
unit ( R ) according to [6]  
RR
R
R
N
N
N 2
2
1 

          [eq. 1.16] 
where the factor 
 



sin
sin N
N
          [eq. 1.17] 
depends on the interference of the multiple reflections of the N units, whereas   is a parameter 
related to the single-unit amplitude transmittance. Interestingly if 1
2  RN , NR  approaches 
unity and the Bragg grating acts like a perfect mirror even if the N units are only partially 
reflective. Fig. 1.6 shows a dielectric Bragg grating made of layers with refractive indices n1 and n2 
and thickness d1 and d2 (a) and an example of its reflectance spectrum against frequency (b).[6]  
 
 
a)               b) 
Fig. 1.6: (a) dielectric Bragg grating and (b) corresponding reflectance spectrum with stop band at 
multiples of Bragg frequency. [6] 
 
For certain values of frequency which are integer multiples of B  the transmission is completely 
blocked and the reflection is 1. These total reflection regimes are called stop bands. The Bragg 
frequency B  in this case depends on both refractive indices and on the thicknesses of the layers. 
A simple example of a dielectric Bragg grating is called quarter-wave stack. This system is 
made of alternating layers with high ( Hn ) and low ( Ln ) refractive index. In addition all layers 
present the same optical thickness 
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4

 tn           [eq. 1.18] 
with n  and t  the refractive index and thickness of each layer. A quarter-wave stack shows a 
constructive interference at the value of   at which eq.1.18 is satisfied. Fig.1.7 shows an 
example of a quarter-wave stack (a) and its reflectance spectrum (b). In Fig.1.7 (b) g and a stand 
for substrate and air respectively. 
 
 
a)               b) 
Fig. 1.7: (a) dielectric Bragg grating and (b) corresponding reflectance spectrum with stop band at 
multiple of Bragg frequency. 
 
The reflectance in the central area in Fig.1.7 b) increases when the number of layers increases and 
becomes broader when the ratio 
L
H
n
n
increases.  In addition when the angle of incidence 
increases, the whole reflectance spectrum shifts to lower wavelength. A dielectric Bragg grating 
can be obtained using any dielectric materials which respects the limit in thickness of the layers 
and in the  
L
H
n
n
 
ratio.  
 
1.4   2D-3D Photonic materials 
 
A Bragg grating presents periodicity in one direction and it is considered a 1D photonic 
structure. When the periodicity can be detected also along the other axes, then the material is 
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called 2D or 3D photonic structure.[6] In nature the classic example of a 3D photonic crystal is 
opal as it is made of monodisperse fcc spherical spheres with a 3D periodicity. Fig.1.8 shows the 
structure of an opal (a) and its typical reflective spectrum (b). [7] 
 
a)               b) 
Fig. 1.8: (a) opal nanostructures and (b) spectrum at normal incidence. [7] 
 
The peak in the reflectance in Fig.1.8 b) is due to light diffraction resonance inside the 
structure. The reflective peak and the transmission trough occur at the same energy ( BE ) which 
also defines the resonance frequency B  according to 
BBE  .          [eq.1.19] 
 The dependence of the reflectance peak position on the incident angle is defined by [8] 
 22 sin2  effB nd         [eq. 1.20] 
which is based on Bragg’s law (Fig.1.4).   is the angle of incidence, B  is the peak wavelength 
and effn is the effective refractive index which is calculated by an effective medium approach 
22
22
2
11
2 ... nneff nfnfnfn           [eq. 1.21] 
where if  and in  represent the filling fraction of the materials forming the photonic structures 
and their refractive index respectively. In addition 2D and 3D photonic structures present an 
interesting band structure with complete photonic bandgaps. Due to their interesting optical 
behaviour studies on artificial opaline structures can be found in the literature. [9-10] 
1D, 2D and 3D photonic structures present reflectance spectra which depends on the 
periodicity, the symmetry in periodicity and the refractive index of the dielectric materials 
constituting the structure (see eq.1.12 and eq.1.20). PAA is a dielectric material whose refractive 
index depends on the pore geometrical parameters such as pore diameter and interpore distance. 
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These geometrical parameters of the pores can be modified during anodization of the membrane 
by tuning the electrochemical reactions responsible for pore nucleation and development. A brief 
review of electrochemistry is then necessary to understand anodization and its influence on the 
porous structure. 
 
1.5  Electrochemistry  
 
According to the thermodynamics of chemical reactions a reaction 
DCBA           [eq. 1.22] 
occurs only if the total free energy of the process (G ) is reduced, that is 0G . The free 
energy of a specific reaction can be calculated as 
QRTGG ln           [eq. 1.23] 
where G  is the free energy of the component under standard condition and Q is the 
equilibrium constant of the reaction which considers the activity of reagents and products.  
In an electrochemical reduction-oxidation reaction the potential influences the possibility 
of the reaction that occurs since 
nFEG            [eq. 1.24] 
where n  is the number of moles of electrons involved in the one mole reaction, F is the Faraday 
constant (96485 Cmol-1) and E  is the potential.  
Combining equation 1.22 and 1.24 the Nernst equation is obtained:  
R
O
a
a
nF
RT
EE ln           [eq. 1.25] 
where E  is the potential of the reaction, E is the potential of the reaction under standard 
conditions, Oa  and Ra  are the activities of the oxidized and reduced species respectively. At low 
concentration Oa  and Ra  can be appointed as  O  and  R , the concentrations of the species. 
The standard potential of a reaction can be calculated using the standard electrode potential for 
each component involved in the reaction. It is important to notice that the Nernst equation is 
valid only at equilibrium for reversible reactions.  
When an external potential is applied to a cell, the reduction-oxidation equilibrium is 
affected and Nernst equation is not directly applicable. The Fermi level for the reaction is moved 
according to  
eEEF            [eq. 1.26] 
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where FE  is the new Fermi energy of the reaction, E is the potential of the reaction at 
equilibrium, given by the Nernst equation, e is the charge of the electron and  is the surface 
potential of the electrode which reflects the variation in the electronic distribution due to the 
external potential. The potential difference between the standard potential and the potential at 
which the reaction happens is called overpotential ( ) and it strongly affects the kinetics of the 
reactions at the electrode surface.  
The current obtained by applying an external potential is given by the Butler-Volmer 
equation 
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    [eq. 1.27] 
where 
 
 
  
 *1*
ROFAki oo

         [eq. 1.28] 
is the exchange current,    tO ,0  and   tR ,0 are the time-dependent concentration of oxidized 
and reduced species respectively,  is the potential-dependent transfer coefficient,  *O and 
 *R are the concentrations of oxidized and reduced species in the bulk respectively. In the Butler-
Volmer equation the first term refers to the cathodic component of the current (
ci ) while the 
second term refers to the anodic component (
ai ) [11]. The cathodic component of the current is 
considered positive according to the sign convention used by Bard and Faulkner. [11] Fig. 1.9 (a) 
qualitatively shows the contribution of the cathodic and anodic current to the total current in a 
plot of current against overpotential, whereas Fig. 1.9 (b) shows the total current when transport 
phenomena limit the process. 
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a)               b) 
Fig. 1.9: (a) trend of the current io against overpotential η according to Butler-Volmer equation (eq.1. 24). 
ic and ia represent the cathodic and anodic component respectively. (b) The trend is modified when 
limitation transport are considered; iL is the limiting current. 
 
The value Li is the limiting current [12] 
 *

nFD
iL  :          [eq. 1.29] 
when the system reaches this value the current is mass-transfer controlled with D  the diffusion 
coefficient of the chemical component and  the diffusion layer thickness. There are three types 
of mass-transfer modes: diffusion, migration and convection. Under mass-transfer control the flux 
of species 
iJ  is expressed by the Nernst-Planck equation [11] 
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where 
 
x
xCi


is the concentration gradient at distance x,  
 
x
x


is the potential gradient, 
iz the charge 
of the species i  and  xv  the rate of speed at which a volume element moves. The first term in 
eq. 1.30 corresponds to diffusion, the second term to migration and the third to convection. 
Equation 1.30 can be modified according to which mode is predominant, as not all of them need 
always to be considered.  
As seen in Fig.1.9 the current behaviour according to Butler-Volmer equation (eq.1.27) 
can be distinguished between small overpotential, where it is almost linear, and large 
overpotential, where it follows the Tafel behaviour.  At high positive overpotential eq. 1.27 
reduces to 
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which can be modified to 
i
F
RT
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F
RT
o lnln

           [eq. 1.32] 
in absence of mass-transfer phenomena. Graphs which display curves of iln  versus  are called 
Tafel plots. Fig.1.10 shows the Tafel plot according to eq. 1.32. 
 
 
 
Fig. 1.10: Tafel plot of natural logarithm of the current against overpotential η 
 
Tafel plots are extensively used in electrochemistry because they allow a calculation of 
the transfer coefficient  which in turn determines the changes in the anodic and cathodic 
current depending on the overpotential applied. 
 
1.5.1    Electrical double layer 
 
As a potential is applied to a cell, the surface of its electrodes becomes charged and the 
ions in the electrolyte distribute according to the influence of the electric field forming an 
electrical double layer close to the electrode surface. Fig.1.11 shows an example of a double layer.  
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Fig. 1.11: electrical double layer formed close to a charged electrode surface. It is divided into inner 
Helmoltz (IHP) and outer Helmholtz (OHP) planes and a diffuse layer further from the surface. The 
presence of ions absorbed or solvated change the potential effectively applied by the cell.  
 
The electrical double layer is composed from an inner layer, called the inner Helmholtz 
plane (IHP), an external layer, called the outer Helmholtz plane (OHP) and a diffuse layer which 
extends from the OHP until the bulk of the solution. [13] The IHP is formed by ions specifically 
absorbed on the surface whereas the OHP is formed by the nearest solvated ions. Solvated ions 
and the charged electrode surface interact only through long-range electrostatic forces. Since 
these interactions do not depend on the chemical properties of the ions, solvated ions are called 
non-specifically absorbed.  
As shown in Fig.1.11, the structure of the double layer influences the total potential 
effectively involved in the reactions when an external potential is applied. The real potential 
experienced by the cell is not  SM  , which is the difference between the potential at the 
electrode surface and the potential in the solution, as the potential M  drops to 2 across the 
Helmholtz layer.  
 
 
electrode
IHP OHP
diffuse layer
x1 x2potential
specifically 
adsorbed anions
solvated cations
+
+
+
+
+
-
M
S
2
39 
 
1.6  Pourbaix diagram E-pH 
 
The term Pourbaix diagram indicates a set of curves plotted in a graph of potential against 
pH which represent all the chemical and electrochemical equilibria possible for a specific 
combination of metal and aqueous environment. Pourbaix diagrams deal only with the 
thermodynamics of the reactions and not the kinetic aspects, therefore the electrochemical 
behaviour is calculated using Nernst equations.  
A Pourbaix diagram shows: 
- chemical reactions involving water; they are represented as vertical lines in the diagram; 
-  electrochemical reactions not involving water; they are represented as horizontal lines; 
- electrochemical reactions involving water; they are represented as oblique lines.  
Chemical reactions which do not involve protons, therefore cannot be defined as 
electrochemical, are not shown in the diagram. These diagrams are used in practical applications 
to determine the conditions at which a metal is protected from corrosion. 
 
1.6.1    Aluminium Pourbaix diagram  
 
Table 1.1 reports thermodynamic data for a system aluminium/water at 25 °C and a 
pressure of 1 atm. [14] 
 
Table 1.1: thermodynamic data for a system aluminium/water at 25°C and 1 atm. [14] 
spiecies Status ΔG°f [kcal/mol] E° [V] 
Al solid metal     
Al3+ ion in solution -115 Al3+/Al = -1.66 
Al(OH)3 aluminium hydroxide in solution -281.8   
AlO2
- aluminum oxide in solution -206.02   
Al2O3 solid oxide  -384.5   
H2O Liquid -56.7   
OH- hydroxide in solution -37.6   
 
Based on these data and considering an ions concentration 610  the following equilibrium 
are considered 
1) Al – Al3+  
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AleAl   33      E = -1.778 V 
2) Al3+ - Al(OH)3 
    HOHAlOHAl 33 32
3
   pH = 2.8 
3) Al(OH)3 – Al2O3 
  OHOAlOHAl 2323 32     can not be included 
4) Al – Al(OH)3 
    OHAleOHAl 333    E = -1.62 – 0.0591 pH  
5) Al(OH)3 – AlO2
- 
  OHAlOOHOHAl 223 2

   pH = 8 
6) Al - AlO2
- 
  OHAleOHAlO 432 22    E = -1.46 – 0.0788 pH 
 
Fig. 1.12 shows the resulting Pourbaix diagram for aluminium/water at 25 °C and 1 atm. [15] 
 
 
 
Fig. 1.12: Pourbaix diagram for a system aluminium/aqueous environment at 25 °C and 1 atm [15]. 
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As can be seen from Fig. 1.12 aluminium forms a stable and inert oxide layer between pH 
4 and 8 at each value of the potential and concentration.  At pH lower than 4 and higher than 8 
corrosion of aluminium is possible. 
 
1.7  Porous alumina 
 
Aluminium, together with copper, is widely used as it has a protective oxide layer. Fig.1.12 
shows that its surface can be covered by a protective oxide, alumina (Al2O3). The Al2O3 layer is 
strongly attached to the metal. The thickness, compactness and composition of the oxide layer 
depend on the purity of the aluminium and on the environment during the layer growth. 
Aluminium can present on its surface a porous oxide layer when it is anodized in an aggressive 
environment, basic or acid [16]. Generally a porous aluminium oxide layer (PAA) is less useful than 
a homogeneous and compact layer because its protective function is reduced and aluminium is 
less resilient to acid attack. Nevertheless a porous substrate can be attractive when anodization is 
performed under self-ordering condition as pores developing on the surface are coherently 
distributed and the membrane could be employed as a template for electrodeposition [17] or as 
photonic material due to its interesting optical properties [18]. 
In normal conditions an alumina layer is always present on an aluminium substrate due to 
the generic presence of oxygen in the atmosphere. In order to obtain an organized porous oxide 
layer, the growth of alumina needs to be controlled step by step. First the naturally present 
alumina layer has to be removed and then a controlled oxide substrate developed on the surface. 
It is important to remember that a thin alumina layer remains between the pore base and the 
substrate in any case, and although it has been usually identified as a compact substrate there is 
research which shows it could have a gel-like consistency [19]. This thin substrate has no influence 
on the final pore distribution because of its negligible thickness but it is a complication when the 
PAA is intended to be used as template for electrodeposition. This insulating barrier layer builds 
an undesirable resistance in the circuit. 
  
1.7.1    Pore nucleation 
 
Pore nucleation in alumina has been studied since 1970 with anodization at constant 
current density in phosphoric acid [20]. In their conclusions O’Sullivan and Wood report that 40 
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seconds after the start of the anodization some irregularities appear on the surface. However, 
signs of pore nucleation are not present until at least 80 seconds. Following research works [15, 
20] confirmed that pores begin to appear on the surface soon after the voltage is applied and they 
develop with time at a fixed value of the voltage.  
There is no agreement on the mechanism of pore formation on the surface in an acidic 
environment. Li et al.[22] and Chu et al. [23] in two separate studies point out the presence of 
imperfection on the surface after electropolishing which they interpret as the origin of pore 
growth. Their suggestion, that the surface state is crucial for pore nucleation, is supported by 
methods to control the pore distribution based on prepatterning of the surface [24].  The 
hexagonal distribution of pores can be achieved using a prepatterned surface or with a two-step 
anodization. The aluminium surface can be imprinted using several techniques, for example, by 
lithography using a SiO2 mask [25] or by nanoindentation through Si3N4 pyramids [26]. Although 
the distribution obtained is visibly regular, there is a limit in the surface area that can be 
patterned at low cost and in an acceptable period of time. As a consequence this method cannot 
be applied on the large scale at present. On the other hand the methodology called “two-step 
anodization” [27] is more promising as regard industrial production. It is based on three chemical 
processes which can in theory be applied to wide areas. At the beginning the electropolished 
aluminium foil is anodized at the self-ordering voltage level. Then the porous alumina layer is 
removed in an acid bath (usually a mixed solution of 0.2 M H2CrO4 and 0.4M H3PO4) before 
performing the second definitive anodization. The fundamental idea is that features of the first 
anodization remain on the surface after the etching and they influence the distribution of the 
pores during the second anodizing process.  
Based on their results Keller et al. [28] state pores grow first on the subgrain boundaries 
of the aluminium substrate because the less compact oxide in these areas offers less resistance; 
then pores begin to develop within the subgrains. In contrast Yang [29] proposes an explanation 
for pore nucleation involving cracks in the oxide due to oxygen evolution by oxidation of water. 
The observations of Lee et al. [30] are consistent with this evolution of oxygen bubbles causing 
the formation of voids in the cell boundaries during HA (hard anodization). Thompson [31] 
suggests the presence of penetration paths in the oxide as well, however he does not attribute 
them to oxygen formation. Instead he suggests that potential lines concentrate beneath the paths 
increasing the electric field, hence pores develop because of field-assisted dissolution. 
Another group of authors emphasizes the role of the stress resulting from the different 
expansion coefficients between the alumina layer and the aluminium substrate [32]. Oxide and 
metal have a different structure which leads to different properties. Aluminium is a good 
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electronic conductor with a band structure typical for metal; alumina is an electrical insulator and 
a preferential ionic conductor instead. In addition they have differing mechanical properties. 
Nielsch et al. [33] explain how mechanical stress due to volume expansion can be minimized by 
introducing pores and that pore distribution depends on the electrolyte and the voltage. Chu et 
al. [34] come to the same conclusions after analysing the relation between the anodizing potential 
and the average pore interval, pinpointing that the expansion force increases with the electric 
field.  
In conclusion, all these suggestions come from different experimental results and none of 
them completely excludes the others; for example Huang et al. [35] attribute the pore presence 
to the oxide breakdown resulting from the enhanced electric field because of the roughness of 
the surface which, in turn, is increased by the volumetric expansion. Still after 40 years of 
research work in the field a conclusive and complete theory has not been published yet.  
 
1.7.2    Pore development 
 
Although uncertainty on the origin of the pores exists, most authors interpret the pore 
development as the result of the equilibrium between two chemical reactions: the etching of the 
alumina and the oxidation of aluminium [36]. However, there is not complete agreement on 
whether both reactions are influenced by the field, i.e., are field-assisted. 
There are two main theories about the process of pore growth. Palibroda et al. [37] 
suggest a discontinuous process to explain the changes in pore development caused by voltage. 
They argue based on evidence of passage of the electrolyte solution through the barrier layer 
[38], that the growth of the substrate occurs in three steps: first the compact layer becomes 
porous by electrical breakdown, secondly aluminium changes to its ionic form and finally a new 
layer develops because of oxide precipitation-dissolution process. By contrast most authors agree 
on a continuous process involving a steady displacement of the barrier layer because of the two 
competing reactions of oxidation and etching [39].  
Whilst the coatings formed have different chemical compositions [40] depending on the 
electrolyte used, e.g. AlPO4 may be present from anodization in phosphoric acid, alumina is 
always the main component. During the porous alumina growth, negatively charged oxygen ions 
from the reaction 
 oxideOaqHlOH   22 )(2)(
     
            [eq. 1.33] 
 move through the alumina reaching the aluminium surface where they can bond with aluminium 
ions resulting from the reaction 
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  eoxideAlsAl 3)(3                      [eq. 1.34] 
giving the reaction 
32
23 32 OAlOAl  
                  [eq. 1.35]
 
Since the diffusion and drift of oxygen ions occur very quickly, the growth of the first alumina 
layer takes only a few seconds according to Parkhutik [41].  
After the first thin compact alumina layer pores appear on the surface, initially with a high 
density, then the pore size increases and the density decreases [22]. Pores develop because the 
electrolyte etches the oxide layer 
OHAlHOAl 2
3
32 326 

. 
   
                      [eq. 1.36] 
The etching reaction is self-catalysing inside the pore, similar to pitting corrosion. 
At the same time aluminium ions can migrate through the alumina oxide and are ejected 
into the solution [42]. Fig.1.13 shows the main reactions occurring during anodization and 
responsible for pore nucleation and development. 
        
 
 
Fig. 1.13: summary of reactions occurring during the anodizing process 
 
As can be seen in Fig.1.13 the electrochemical reactions of oxidation and etching of 
aluminium oxide occur at both sides of the barrier layer at the pore base. Oxidation of aluminium 
occurs on the interface between aluminium and PAA, whereas etching occurs on the interface 
between PAA and electrolyte. [42] Oxidation and etching are two opposing reactions and if they 
proceed with the same rate along the pore axis the pore development is balanced. 
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Parkhutik and Shershulsky [16] have analysed the trend of the current during the first 
seconds of the anodizing process and recognize four different stages (Fig. 1.14). 
 
 
Fig. 1.14: fluctuation of the current during time in the anodizing process of aluminium in an acid solution. 
The graph is divided in four parts according to the stages of Parkhutik and Shershulsky [16]: (part I) 
alumina layer growth, (part II) developing of fine path in the oxide, (part III) pore formation and (part IV) 
electrochemical equilibrium in the pores. 
  
According to them, the initial drop of the current, stage I, is due to the growth of a thin 
alumina layer [43]. In stage II some fine paths begin to develop in the oxide. In stage III the paths 
become pores and in the course of stage IV the reaction of oxidation and etching are in 
equilibrium along the pore axis. Singaraju et al. [44] calculated the rate of alumina growth before 
pores appearance and report the following relation 
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                    [eq. 1.37] 
with h  the film thickness, t  the time, formk  the constant rate of the etching process, etchk  the 
constant rate of the etching process,   the alumina resistivity, A  the area and V the applied 
potential. In the formula 
h
VA

 is the total current for oxidation and etching and hk is the current 
used for etching. Integrating the equation and considering at 0t  a complete absence of the 
alumina layer, the authors obtain that )(th  increases as 
2
1
V . It is suggested that the same 
dependence is valid during pore growth as well. 
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1.7.3    Barrier layer 
 
After stage IV in Fig.1.14 the value of the current remains stable if the voltage is fixed. 
Images of the pore aspect show that at the base of each pore there is still a relatively thick 
alumina layer which connects the pore base to the substrate. This layer remains constant in 
thickness once the correct balance between oxidation and etching rate is reached [45]. Table 1.2 
shows the value of the anodizing ratio for the barrier layer in porous alumina structure for four 
different electrolytes [46]. Measurements on the thickness of this barrier layer demonstrate that 
it is linearly dependent on the forming voltage and sensitive to the different electrolytes used 
[47]. 
 
Table 1.2: anodizing ratio for different electrolyte at specific concentration and temperature 
electrolyte concentration (°C)  anodizing ratio (nmxV-1) 
15% sulfuric acid (10) 1 
2% oxalic acid (24) 1.18 
4% phosphoric acid (24) 1.19 
3% chromic acid (38) 1.25 
 
O’Sullivan and Wood [20] report that the thickness of the barrier layer in nmV-1 is 1.14 at 
the temperature of 20°C in phosphoric acid. They assert that the value is smaller than 1.2-1.4 
nmV-1, which is the rate for a compact alumina layer, because of the etching. As previously 
mentioned this barrier layer remaining after anodization is a problem during the 
electrodeposition and its removal will be further discussed in Chapter 5. 
  
1.7.4    Relation among voltage, pH and temperature 
 
Three parameters are fundamental to control the anodization; these are the voltage level 
(or the current density), the temperature and the pH of the electrolyte. Several authors have 
attempted to establish the connections among the parameters influencing the reaction dynamics 
since the 60s [20, 46]. Three acids are commonly used in the anodizing process: oxalic acid, 
usually at 0.3 M, sulphuric acid, under 20%, and phosphoric acid, at different concentrations.  
Other acids can be used but it is crucial that they are polyprotic acids [20].  
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For each electrolyte used there is an optimal range of temperature and voltage to obtain 
a homogeneous arrangement of the pores. According to Chu [48], sulphuric acid and oxalic acid 
can be used in a range between 0 and 15°C, while phosphoric acid is preferentially used at lower 
temperatures. Voltage and electrolyte are not independent, in that every electrolyte 
concentration has a particular self-ordering voltage, which allows a homogeneous growth of 
pores on the surface. Experimental results show how only gas evolution but no film growth tallies 
with a voltage exceeding the self-ordering voltage [49]. The same authors establish the values of 
the self-ordering voltage for each electrolyte, which is reported to be 40 V for oxalic acid, 25 V for 
sulphuric acid and 195 V for phosphoric acid.  Moreover Nielsch et al. [33] observe that a porosity 
( P ) of 10% is detected at these self-ordering voltage values due to the constant ratio 
iporeDr /  
where r  is the pore radius and 
iporeD  
the interpore distance. The equation 
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                 [eq. 1.38] 
determines the pore distribution in a hexagonal structure.  
Zaraska et al.’s [50] investigation suggests that there is a relationship between voltage, 
pore diameter and interpore distance. The increase in time and voltage during the two-step 
anodization generates a better arrangement of pores on the surface with a limit at the self-
ordering voltage. Voltage and geometrical parameters are related to each other by the following 
linear relationship 
VDipore                     [eq. 1.39] 
with 
iporeD  
the interpore distance,  a proportionality constant and V the anodizing potential. 
Their work confirms the results of Chu et al. [51] who find the same linear relation using high-field 
anodization. In addition they assert that the average interpore distance to anodizing potential 
ratio is not constant but inversely related to the anodizing potential. Their explanation involves 
the expansion force of alumina which increases with the electric field and forces the pores to 
assume the typical hexagonal distribution. The influence of stress has been suggested by 
Thompson et al. [52] who also attribute the pore initiation to cracks and the following re-growth 
of the oxide layer. 
The importance of the electric field is not only with regard to the pore distribution and 
sizes but it also influences the direction of growth for the pore structure. Piao and Kim [53] 
declare the influence of the field direction is more important than the crystallographic structure 
of the substrate.   
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In Table 1.3 the results of Diggle et. al. [46] are reported; these authors were amongst the 
first to attempt to find a correlation between voltage, temperature and pore size. 
 
Table 1.3: pore diameter in function of the electrolyte at a specific concentration and temperature 
electrolyte concentration (°C) pore diameter (Å) 
4% phosphoric acid (24) 330 
3% chromic acid (38) 240 
2% oxalic acid (24) 170 
15% sulphuric acid (10) 120 
 
Generally sulphuric acid is more efficient to achieve smaller pores than oxalic acid but at 
the same time the resulting pores are mostly elliptical with a less uniform profile and theirs 
distribution is not so regular [54].  The same authors compare the different pore size in the two 
electrolytes; Table 1.4 shows their results. 
 
Table 1.4: pore diameter in function of the electrolyte at a specific concentration and temperature 
electrolyte concentration (°C) - voltage pore diameter (Å) 
2.7% oxalic acid (0) - 40V 33.6±7.6 
20% sulfuric acid (0) - 12.5V 13.7±7.8 
 
As can be seen the concentration of the electrolyte and the temperature have an 
influence on the pore size: as regard the sulphuric acid, 20% is the optimum concentration to 
minimize the pore diameter, while it is generally accepted a concentration of 0.3 M for oxalic acid. 
In addition it is demonstrated that the temperature affects the pore ordering [55], in that the 
lower the temperature the more evident the hexagonal distribution. 
 
1.8 Thesis Outline 
 
The aim of this thesis is to investigate the use of porous alumina anodized (PAA) 
membranes as reflectors in optical displays. The control of pore geometrical parameters during 
anodization can have advantages over more expensive technique as vacuum coating. PAA 
membranes can be anodized from pure aluminium substrates and the procedure can be 
reproduced on large scale for mass production. Chapter 2 contains an overview of the anodizing 
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process and of the techniques used to investigate the PAA membranes. Pore nucleation and 
development are the topics in Chapters 3 and 4 respectively. Electrochemical reactions occurring 
during anodization and the influence of anodizing parameters on the porous structure are 
investigated. In addition Chapter 5 focus on barrier layer removal for PAA membrane prepared for 
electrodeposition. Results of Chapter 3, 4 and 5 are used in the work reported in Chapter 6 to 
obtain PAA membranes with a modulated porous structure whose periodicity is in the range of 
the visible light. Chapter 7 analyzes reflectance spectra and optical properties of these modulated 
PAA membranes to investigate possible applications as interleaved reflectors layers in displays. 
Finally Chapter 8 researches the influence of plastic deformation in aluminium before anodization 
on PAA nucleation and development.     
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Chapter 2:  General experimental 
procedures and electrochemical synthesis 
of PAA  
 
This chapter contains a description of the experimental setup used for all electrochemical 
processes (electropolishing, anodization and electrodeposition) performed on aluminium 
substrates together with some preliminary procedures necessary for PAA membrane preparation. 
In addition a brief explanation of each of the techniques used to analyse the PAA membrane is 
presented. 
 
2.1  General procedure 
 
 In order to image and analyze a PAA layer four steps are necessary: initial pickling and 
electropolishing of the aluminium substrate, then anodization of the aluminium and pore 
opening. The first two steps aim to remove all major singularities from the substrate and to create 
a uniform initial surface for all the experiments. The third step is fundamental for the growth of 
the porous structure and it will be briefly discussed below and extensively in the relevant 
chapters. The fourth step is used to widen the pores and remove the dense low diameter pores 
upper layer formed during the anodizing process, in order that the top view of the layer can 
mirror the cross section of the pores.  
 
2.1.1    Pickling 
 
99.99% aluminium foil was purchased (Alfa Aesar 99.99%, annealed). The foil was cut using a pair 
of clean scissors, avoiding bending or other permanent stress which could influence the 
processing and the pieces were kept in pure acetone for at least one night before further 
processing. The surface of the aluminium foil as delivered can present different contaminants 
such as residual carbonaceous deposits, remains of lubricant, solid particles and oxide, due for 
example to heat treatment [1]. These impurities need to be removed before proceeding with 
electropolishing and anodization. Therefore, the aluminium substrate is first dried and then 
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immerged in an alkaline solution of 3M NaOH (40% w/v, VWR) for 20 seconds. The following three 
reactions take place on the aluminium surface: dissolution of aluminium, 
222 32222 HNaAlOOHNaOHAl        [eq. 2.1] 
precipitation of aluminium hydroxide and 
  NaOHOHAlOHNaAlO  322 2       [eq. 2.2] 
formation of aluminium oxide
 
  OHOAlOHAl 2323 32   .       [eq. 2.3] 
In industry scale inhibitors [1] are used to limit the third reaction and reduce 
precipitation. In the experiments reported inhibitors were avoided by replacing the 3M NaOH 
solution after five uses in order to avoid insoluble compound precipitation and in turn to maintain 
a constant concentration and etching rate.  
 
2.1.2    Description of the experimental setup 
 
The same experimental setup was used to perform electropolishing, anodization and 
electrodeposition. It consists of a cell, where the sample was inserted, a source meter, to control 
the voltage and to record the fluctuations of the current, and a fridge, to keep the entire cell at a 
constant temperature. Experiments were typically performed at room temperature but 
membranes were also prepared at low temperature (usually between 0 °C and 5 °C).  
The cell (Fig. 2.1) was made of Teflon and composed of two parts. The base was a steel 
plate with a central disc made of Teflon. On the metallic base there were three screws to fix the 
second part. The sample on a copper contact was inserted between these two elements. The 
second part was cylindrical with a hole passing through the structure. When it was fixed on the 
base, the hole was in the middle of the sample so that the electrolyte in the cell contacted the 
aluminium surface. To avoid leakage of any type during the electrochemical processes, an o-ring 
(BS111Viton75, Polymax Ltd, 10.77x2.62 mm internal diameter x cross section) was used to seal 
the sample surface and the cell. A platinum electrode was immersed in the electrolyte to 
complete the circuit. The whole cell was placed on a magnetic plate with a stirrer immersed in the 
electrolyte, ensuring a uniform concentration in the bulk solution. 
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Fig. 2.1: representation of the cell used during polishing, anodizing and electrodeposition 
 
A Keithley 2400 SourceMeter was connected to the platinum and the copper electrodes, 
and used for applying the voltage and recording the current both during electropolishing and 
anodization. The SourceMeter was controlled by a custom made LabView program. 
An autolab PGSTAT 12 (Autolab Software, General Propose Electrochemical System) was 
used in all electrodeposition experiments. The same cell designed for electropolishing and 
anodizing procedures was employed in the electrodeposition so that all the electrochemical 
reactions took place on the same active area. The autolab PGSTAT 12 was operated in both 
galvanostatic and potentiostatic mode using a three-electrode configuration. During 
electrodeposition the platinum electrode was used as counter electrode while the aluminium foil 
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on the copper electrode functioned as working electrode. The Ag/AgCl reference electrode (CH 
Instrument, Inc.) consisted of a Teflon cap with a Ag wire coated with AgCl, a 1M KCl filled glass 
tubing and a porous Teflon tip. The potential of the reference electrode versus the Standard 
Hydrogen Electrode at 25°C is  
ClAgClAg aE log059.0222.0/   
and can be calculated from the activity of the chloride ions. The electrolyte solution was chosen 
according to the material to be deposited and a magnetic stirrer and stirring mantle were used.  
 
2.1.3    Electropolish procedure 
 
The aluminium substrate needs to be polished before anodization to thin and make 
uniform the alumina layer which naturally grows on the metal. During electropolishing an 
aluminium oxide film of inhomogeneous thickness covers the surface. The film is thicker on the 
protruding areas and thinner on the troughs. Electricity is used to drive dissolution of the oxide 
layer in particular where the current density is higher, i.e. on the protruding areas, until a layer 
with regular structure of less than 10 nm is obtained [2]. The following reactions are responsible 
for the surface levelling effect [3] 
eAlAl 33           [eq. 2.4] 
eOHOAlOHAl 6362 232 

      [eq. 2.5] 
A stable current is reached when the sample is covered with a thin layer of homogeneous 
thickness.  
For polishing an acid solution (kept in a freezer at -20°C), prepared with a 1:4 proportion 
of perchloric acid (HClO4, ACS reagent 70%, Sigma Aldrich) and ethanol (C2H6O, 99.7-100% v/v, 
VWR), was poured into the cell and a platinum electrode immersed. Perchloric acid was used to 
lower the pH of the solution in order to avoid the formation of Al oxides and ionize the aluminium 
to Al3+ [4]. The concentration of the solution, the potential applied and the temperature have a 
significant influence on the final morphology of the electropolished surface [4]. The platinum 
electrode and the copper electrode were connected to the Keithley 2400 and 20 V were applied 
for 15 minutes. The fluctuations of the current were recorded at the same time. A typical example 
of the current transients observed during an electropolish is displayed in Fig.2.2. 
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Fig. 2.2: fluctuations of the current during the 15 minute of electropolish at 20 V 
 
As can be seen in Fig. 2.2, the current is not constant during the process but decreases 
rapidly in the first few minutes and then plateaus reaching a value between 10 and 4 mAcm-2. All 
curves fit to an exponential decay function.  The slope can differ depending on the roughness of 
the initial surface and some fluctuations are visible when bubbles begin to nucleate around the 
edge of the aluminium substrate close to the o-ring. As the ring is used more times it becomes 
more hydrophilic and fewer bubbles are present on the surface at the end of the process. 
Degradation of the o-ring is an issue and they need to be changed before leakage compromises 
the outcome of the polishing. 
 
2.1.4    Anodizing procedure 
  
After electropolishing the sample is highly reflective, and uniform pores can be grown on 
its surface [5]. The anodizing process uses voltage to control the reactions at the 
electrolyte/aluminium interface. 
A solution of oxalic acid 0.3 M (C2H2O4, puriss. p.a.; 99%, Fluka) or sulphuric acid 20% 
(H2SO4, 95%, VWR) was poured in the cell and the platinum counter electrode was immersed in 
the liquid. This electrode and the aluminium electrode/copper contact were connected to a 
Keithley 2400 which can apply several values of voltage and record the fluctuation of the current. 
The cell was positioned inside the fridge (turned on or off) on a magnetic plate. A stirrer was used 
to ensure the homogeneity of the electrolyte. 
time [ ] 
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Three main procedures were followed during the anodization: 
 applying a voltage of 40 V for oxalic acid (around 20 V  for sulphuric acid) for at 
least one hour to obtain a porous layer a few micrometers thick. The resulting 
PAA has an alumina barrier layer between the pore base and the aluminium 
substrate. Pores are homogeneously distributed on the surface;  
 applying a voltage of 40 V for oxalic acid (around 20 V  for sulphuric acid) for at 
least one hour to obtain a porous layer a few micrometers thick. Then a 
progressive reduction in voltage reduces the alumina barrier layer remaining at 
the pore base. Different voltage profiles have been tested to investigate which 
allows the best compromise between barrier layer removal and pore branching. 
This procedure is recommended in cases where the PPA membrane is to be used 
as template for electrodeposition; 
 applying a cyclic voltage up to 53 V for oxalic acid in order to modulate the pore 
diameter during the growth. The influence of the cyclic changes of the voltage on 
the optical properties of the PAA was tested. An anodizing time of 10 hours was 
employed for samples designed to measure reflectance, while times shorter than 
one hour were chosen for samples designed for FIB and ellipsometric 
measurements.     
Due to the inherent current limit of the Keithley 2400, a current maximum of 0.1 A is 
automatically set when a voltage of 40 V is applied. Although a limit in the current is necessary to 
avoid the dissolution of the aluminium and the underlying copper electrode into the acid, the 
initial transient of the current crosses this limit. Preliminary experiments were carried out in order 
to check any possible influence of this limit on pore distribution. Results showed no influence on 
pore distribution or nucleation. However, in order to investigate the initial stage of pore 
nucleation (see chapter 3) a digital multimeter (Agilent 34410A 61/2) connected in series with DC 
Power Supply (N5771A 300V/5A, 1500 W System) were used: the combination of these two 
systems allowed currents in excess of 0.1 A. 
 
2.1.5    Pore opening 
 
After the anodization using oxalic acid each samples was left in a solution of 5% 
phosphoric acid (H3PO4, puriss.p.a.; 85%, Fluka) for 40 minutes to widen the pores at the top in 
order to reduce the seal [6] and to allow the real pore diameter to be determined  from the SEM 
images. H3PO4 was chosen because hydrates cannot form in this electrolyte, hence the Al(OH)3 
61 
 
responsible for a surface layer is dissolved during the process. [7] The time is chosen after a 
comparison among SEM pictures (Fig. 2.3) of a sample left in the phosphoric solution for four 
different times: (a) 40 min, (b) 60 min, (c) 80 min and (d) 100 min. 
 
    
a)        b) 
    
c)      d) 
Fig. 2.3: top view of the samples after different time in a solution of 5% H3PO4: (a) 40 min, (b) 60 min, (c) 
80 min and (d) 100 min. The average diameter measured: (a) ~30 nm, (b) ~40 nm, (c) ~60 nm and (d) ~70 
nm. 
 
As can be seen in Fig. 2.4, 40 min is the optimum time to have a top view which mirrors 
the pore profile.  
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Fig. 2.4: pore cross section after an etching of 40 minutes on the surface. There is a good match between 
the pore diameter from the top view and the pore diameter from the side view. The diameter along the 
pore axis is ~40 nm. 
  
Experimental results indicated that an etching time of 40 minutes is optimal for PAA to be 
used as template for electrodeposition when the electroplating solution is acid. During the 
electrodeposition the acid solution keeps etching the alumina template resulting in the collapse of 
the structure for long deposition time. 
 Sulphuric acid was also used as electrolyte for anodization in a limited number of 
experiments. Hence, a preliminary analysis to identify the correct pore opening time was 
performed (Fig. 2.5).  
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a)        b) 
   
c)      d) 
Fig. 2.5: top view of SEM images of a PAA sample anodized in sulphuric acid and etched in 5% H3PO4 for 
(a) 0 minute, (b) 5 minutes, (c) 15 minutes and (d) 30 minutes. 
  
SEM images in Fig. 2.5 show the pore top view for a sample anodized in 20% sulphuric 
acid  at 15 V for 30 minutes (a) and then immerged in 5% H3PO4 for 5 minutes (b), 15 minutes (c) 
and 30 minutes (d). Both top images display surfaces on which the pattern of pores is not well 
defined, while the structure of the sample starts collapsing after 30 minutes of etching. Therefore 
a time between 10 and 15 minutes was considered optimal. 
 
2.2  Characterization techniques 
 
 In this section the characterization techniques used to analyse the PAA membranes are 
briefly described. A more detailed description of some of these techniques is provided in the 
relevant chapters. 
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2.2.1    Scanning Electron Microscopy (SEM) 
 
Images of the samples were achieved using a Leo Gemini 1525 FEG SEM. All PAA 
membranes were first coated (Emitech K575X) with gold (40 mA for 12 sec) or chromium 
sputtering (75 mA for 1.30 minute) to avoid charging on the aluminium oxide layer. According to 
the coater specification the resultant sputtered chromium or gold layers had a thickness of 20 nm. 
Leo 1525 is a Schottky thermal field emission SEM [8-9] which works using secondary electrons 
collected after a beam of primary electrons accelerated at 5 kV have scanned the sample. The 
system can work with different accelerating voltages and also in backscatter mode. The maximum 
resolution possible with a stable image is about 10 nm which is sufficient for imaging PAA with a 
pore diameter between 30 and 50 nm. In addition the SEM is provided with an energy-dispersive 
X-ray spectroscope (EDS, Oxford instrument, PentaFET detector, INCA software) for elemental 
analysis. This technique allows determination of the chemical elements present in a sample based 
on the energy of the x-ray emitted after electron excitation. 
 
2.2.2    Atomic Force Microscopy (AFM) 
 
Atomic Force Microscopy (AFM) images of the samples were taken using a Veeco 
diInnova. After some preliminary measurements tapping mode was selected to image the layers 
[10]. The equipment was used to collect topographic information on bare aluminium and the 
initial stages of PAA nucleation. Since only small areas can be mapped in a reasonable amount of 
time, each time a different area of the sample was investigated to gain information valid for the 
whole sample surface and not only locally. Typically an area of 1x1 µm or 500x500 nm was 
analyzed. Results obtained from the measurements were processed by the NanoDrive Innova 
software. Unless stated otherwise, both 3D and 2D images were only flattened on a plane, no 
convolutions or other image processing techniques were used. 
 
2.2.3    Focused Ion Beam (FIB) 
 
Cross sectional images of the porous substrate were generally achieved using SEM after 
having cut the sample with a clean pair of scissor. However, whenever a neater cut was required, 
a Helios NanoLab 50 series DualBeam Focus Ion Beam (FIB) was used [11]. The samples were 
mounted on a SEM stub and cut using a Si ion beam with a range of currents (from 0.92 nA up to 
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28 nA) and different cutting modes (regular cross section, cleaning cross section). At the same 
time images of the sample were collected using the SEM incorporated in the FIB. As for SEM 
samples, all the insulating samples were coated using chromium or gold before the analysis 
(Emitech K575X, same procedure as for Leo Gemini 1525 FEG SEM).  
In the Helios NanoLab 50 series DualBeam Focus Ion Beam the sample stage is positioned 
horizontally while the SEM is located in the column above the sample. The FIB beam hit the 
sample with an angle of 38° when the stage is horizontal. Therefore, in order to have a 90° cut, 
the stage with the sample was tilted to 52°, as shown in Fig. 2.6.  
 
 
Fig. 2.6: schematic representation of the system SEM-FIB. The 52 degree tilt stage is necessary for a 
vertical cut. The part on the right shows the trigonometrical simplification to calculate the actual 
thickness of the layer based on the SEM image. 
 
When the stage is tilted at 52°, the angle between the electronic beam of the SEM and the sample 
surface changes. In Fig.2.6 (right) the blue oblique line represents the real depth of the cut 
whereas the green horizontal line represents the depth imaged by the SEM. The two lengths are 
obviously different but related by the right angle triangle with a 52° angle. Hence, 


52sin
AB
CB
.         
 [eq. 2.6] 
This trigonometrical correlation is important to have a reliable measurement of the cut depth. 
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2.2.4    Profiler 
 
Both optical (ZYGO, New View) and contact profiler (Veeco Dektak 150 or Tencor P-1, long 
scan profiler, property of HP Labs Bristol) were used during the project in order to measure the 
thickness of the oxide layer and compare results obtained with different techniques.  
Two steps were obtained using a mask to cover part of the aluminium foil before 
anodization and removal of the mask post-anodization. A first step was measured between the 
masked surface and the top of the anodized membrane. Afterward an acidic solution was used to 
dissolve only the PAA membrane leaving the masked aluminium untouched. A second step could 
then be measured between the masked surface and the base of the PAA membrane. The 
thickness of the oxide layer was the sum of the two steps.   
The contact profiler scans the surface of the sample using a nanometric tip [12]. Force 
and the speed of the scan can be decided by the operator. The vertical movements of the tip 
during the scan are collected by a computer and then plotted as a 2D graph. Single steps or mean 
roughness can both be evaluated from the measurement.  
An optical profiler works without any physical contact with the surface [13]. A light beam 
is split into two beams before touching the sample. One beam reaches directly a reference 
substrate while the other hits the sample first and is reflected back. The beams then merge into 
one and the interference is analyzed. Since the distance between the beamsplitter and the 
reference surface is known, the system can calculate the relative position of the sample surface 
depending on the constructive or destructive interference between the beams (Fig. 2.7). 
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Fig. 2.7: schematic diagram of an optical profiler. The light is split into two beams: one is used as a 
reference while the other hits the sample. The profiler is based on constructive and destructive 
interference to reproduce the surface morphology.   
 
2.2.5    Ellipsometer 
 
An ellipsometer (VASE Ellipsometer, J.A. Woolham Co., Inc.) was used to analyse the 
optical properties of different porous aluminium oxide layers. Fig. 2.8 shows a simplified diagram 
of the light path in an ellipsometer.  
 
 
 
Fig. 2.8: in an ellipsometer the light is polarized and phase delayed before interacting with the sample. 
Then it is analysed and detected. The comparison between the light polarization before and after the 
interaction allows the operator to gain optical information about the sample structure. 
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Before hitting the sample, the light is first polarized and its state of polarization   can be 
described as 
 iexptan          [eq.2.7] 
where   is defined as the amplitude ratio and  the phase shift of the parallel and 
perpendicular components of the polarized light (more detail is given in chapter 6). In some cases 
one of the two orthogonal components can be delayed in phase by the compensator. The 
interaction of the light with the sample changes the polarized state of the light which is compared 
with the original parameters by the analyzer [14]. Data are collected by the detector.  
The ellipsometer used is provided of a vertical stage where the sample is held in position 
by a pump which creates a low level vacuum region just behind the sample. The light with a spot 
size of 2 mm is aligned on the sample before each measurement to assure that the signal is 
collected by the detector. Before the analysis the intensity of the light is also maximized.  
An ellipsometric analysis normally consists of three measurements taken at incident angle 
65, 70 and 75 degrees. The wavelength scan maximum width is from 270 to 1600 nm. The 
compensator was not always used. The system took 5 measurements for each point plotted in the 
graph, if not specified otherwise. Features smaller than ~8 nm cannot be detected.    
After the measurements two set of curves corresponding to   and   for each angle of 
incidence are shown in a graphic window and a model can be built to fit the results through an 
iterative process.  
All procedures are controlled using (WVASE32, J.A. Woolham Co., Inc.). Calibration is 
performed using a silicon wafer with an oxide layer of known thickness as sample substrate.  
 
2.2.6    Secondary Ion Mass Spectrometry (SIMS) 
 
A secondary ion mass spectrometer (FEI FIB200-SIMS) was used for surface and 
composition analysis on one PAA sample in order to map the changes in the composition of the 
PAA membrane. A secondary ion mass spectrometer scans the surface of a sample in high vacuum 
(below 10-4 Pa) using a primary ion beam. The secondary ions released from the sample are 
collected and analyzed using a quadrupole mass spectrometer and sorted based on their mass-to-
charge ratio. The process is destructive and it allows a depth resolution on sub-nanometer scale 
and a lateral resolution within the nanoscale [16]. More details on this experiment are reported in 
Chapter 4. 
 
69 
 
2.2.7    Inductively coupled plasma optical emission 
spectrometry (ICP-OES) 
 
 Inductively coupled plasma optical emission spectrometry (ICP-EOS, iCAP 6300 Duo View 
ICP Spectrometer with automated sample, Thermofisher scientific, data analyzed using iCAP 6300 
iTEVA software) is a technique used for precise chemical analysis of element in solution: detection 
limits are generally low (less than 10 ppm) [17]. A small amount of the sample solution is first 
dissolved into a strong acid and then part of it is inductively transformed into plasma [18-19]. 
Atoms and ions constituting the plasma emit electromagnetic radiations whose wavelength is 
characteristic of their chemical nature. The optical spectrometer measures wavelength and 
intensity of each radiation and then it makes a comparison with wavelength and intensity of 
standard solutions of known concentration. Sometimes the signals emitted from different 
elements can overlap and disturb the measurement. In such cases the peak of the element 
spectrum used in analysis must be selected with care.     
 
2.3  Conclusion 
 
The chapter is divided into two main sections, one concerning the experimental setup and 
procedures (pickling, polishing, anodization and pore opening), and the other with a brief 
description of the techniques used to characterize the PAA membrane. The chapter does not go 
into details since experimental setup, techniques and procedures change according to the aim of 
the experiment. Therefore, specific details and method of operations are described further in the 
following chapter of this thesis with regards to the investigation performed. 
The purpose of this chapter is to introduce and to give a panoramic view of the PhD 
project.  
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Chapter 3: Pore nucleation 
  
This chapter focuses on the first few seconds of the anodizing process and on the 
influence of electropolishing and electrolyte on pore nucleation. Interest in pore nucleation and 
initial development arises from the absence of a theory which satisfactorily explains the influence 
and contribution of different parameters on PAA growth. The chapter starts with a summary of 
the main theories on pore nucleation before moving into the experimental part. Results are then 
presented and discussed in an attempt of identifying the crucial parameters for pore nucleation. 
The final aim of the investigation is to establish a range in which each parameter can be changed 
without affecting pore nucleation. Once the range is known then voltage and electrolyte can be 
modify during anodization achieving PAA membrane with a specific pore shape (see Chapter 5).  
 
3.1  Background theory 
  
A brief overview on pore nucleation and development has been already presented in the 
introduction (Chapter 1) of this thesis. More insights on pore nucleation are given in the following 
sections whereas pore propagation is discussed in Chapter 4. 
 
3.1.1    Pore nucleation: initial models 
  
Probably the first study dealing with pore nucleation was published in 1953 by Keller et al. 
[1] According to their work the solvent action of the electrolyte reduces the thickness of the 
aluminium oxide layer naturally grown on the substrate in specific spots on the surface. In these 
spots the current increases to repair the damage with a consequent increase in the temperature: 
in turn the increase in the temperature enhances the dissolution of the oxide. The result is a 
cylindrical cell surrounded by pillar of aluminium converted into aluminium oxide. The authors 
based their conclusions through consideration of formation of a single PAA cell instead of the 
entire membrane, therefore they neglected the influence of the surrounding cells on the 
hexagonal pore distribution of the structure. Although Keller et al. logically explained pore 
nucleation, the lack of experimental evidence and the incomplete explanation about the initial 
stages of the process make this theory difficult to accept.  
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 A more exhaustive theory was proposed in 1970, when O’Sullivan and Wood [2] made 
some observations on PAA nucleation at constant current density. They suggested that there are 
local thicker oxide regions on the substrate due to substructure irregularities. Those regions tend 
to merge together leaving some residual thin areas behind. As a consequence the current 
concentrates on these thin area developing pores. Their conclusions were based on experimental 
observations made at different time steps during the anodizing process. After 40 seconds 
anodization the electropolished aluminium substrate presented only minor irregularities with 
diameters around 20 nm. The roughness of the surface increases until these structures merge 
together after 120 seconds. At about 160 seconds larger pores are spotted on the surface and at 
200 seconds the pores already showed the pear drop shape characteristic of the final structure. 
All the different stages were investigated using electron microscopy; however, as they admitted 
themselves, measurement under 120 seconds were compromised by the limited development of 
the microscopy technique at the time. 
     
 3.1.2    Pore nucleation: recently proposed models 
 
At present almost all authors agree that the first step in aluminium oxide pore nucleation 
is the formation of a thin aluminium oxide layer on the surface. After this first stage theories 
starts to differ. A group of authors underline the importance of penetration paths through the 
oxide which behave like precursors of pores. Another group supports the idea of irregularities on 
the aluminium substrate, which act as pore seeds. Finally a couple of authors propose their own 
theory involving, for example, the presence of nanocrystallites in the initial oxide layer. 
 
3.1.2.1    Penetration paths 
 
As the anodization process starts, the thin aluminium oxide layer coating the aluminium 
substrate immersed in an acidic solution is subjected to an electric field. The presence of an 
electric field and the acidity of the electrolyte are responsible for field assisted dissolution of the 
layer, a polarization of Al-O bonds enhancing Al3+ evolution [3]. According to this theory the 
dissolution starts with penetration paths in the oxide which cannot be repaired due to the acidity 
of the electrolyte. Underneath the paths the potential lines of the electric field concentrate 
increasing the dissolution rate and transforming the paths into pores. Once the paths develop into 
pores, pores follow a “pitting-corrosion” propagation assisted by the field with a lower pH at the 
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pore tip. Correlation between pore diameter and interpore distance, and electrolyte/voltage 
applied is pointed out as experimental proof for the theory [4]. The above theory is based on the 
idea that narrow paths develop into pear shaped pores. In order to explain narrow path 
development in a thin aluminium oxide barrier layer in an acidic environment the difference in 
volume expansion coefficient (1 cm3 aluminium corresponds to 1.37 cm3 of aluminium oxide) 
between aluminium and aluminium oxide is suggested as the cause of breaks in the thin oxide at a 
certain point during its thickening. The increase in volume when aluminium reacts with oxygen 
giving aluminium oxide introduces stress in the interface between the metal and the ceramic 
which can determine the formation of paths in the oxide. Fig. 3.1 shows a diagram of how pore 
nucleation can be explained considering the difference expansion coefficient between aluminium 
and aluminium oxide. 
 
 
Fig. 3.1: diagram of pore nucleation considering the development of cracks introduced in aluminium 
oxide due to the different expansion coefficient between the oxide and the aluminium. 
 
Expansion force also limits the lateral growth of alumina, determining the typical 
honeycomb cell arrangement [5]. A value of 10% porosity is stated for the self-ordering regime at 
the initial stages of anodization in mild anodization [4], whereas a value of 3% was calculated for 
oxalic acid in hard anodization conditions [6]. The optimal interpore distance is influenced by the 
pH of the electrolyte. The most common electrolytes used for aluminium anodization are oxalic 
acid, sulphuric acid and phosphoric acid, which are polyprotic acids, in that they have at least two 
dissociation constants. The necessity of having divalent or trivalent ions was commented upon by 
O’Sullivan and Wood [2] but it has never been studied further. A polyprotic acid at pKam-n, where 
m is the number of protons and n takes the value 1 to m-1, behaves like a buffer solution: a 
hydrogen ion can be released or accepted depending on environmental conditions that are 
depending on pH changes due to introduction or subtraction of other components into the 
solution. During PAA growth two opposing reactions, oxidation and oxide dissolution (reproduced 
in eq. 3.11 and 3.12), occur at the same time influencing the pH of the electrolyte. The use of a 
polyprotic acid as electrolyte in anodization may be motivated by its buffer effect. The majority of 
published work employs a concentration of 0.3 M oxalic acid. However, some articles provide 
evidence that a porous oxide can be achieved with different concentrations as well [7-9]. Table 
Al Al
Al2O3
Al
start anodization
Al
≠ expansion coefficient
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3.1 summarize the typical condition of self-ordering mild anodization for three electrolytes and 
the corresponding geometrical parameters for the resulting PAA membranes. [10]  
 
Table 3.1: typical condition of self-ordering mild anodization for sulphuric, oxalic and phosphoric acid and 
the corresponding geometrical parameters for the resulting PAA membranes. [10] 
  
  sulphuric acid oxalic acid phosphoric acid 
typical 
conditions 
Concentration 0.3 M 0.3 M 0.2 ~ 0.3  M 
Voltage 25 V 40 V 195 V 
Temperature 1 ~ 10 °C 1 ~ 5 °C 0 ~ 5 °C 
geometrical 
parameters 
pore growth rate 3 µmh-1 6 µmh-1 3 µmh-1 
initial pore diameter 20 nm 30 ~ 35 nm 100 nm 
interpore distance 50 ~ 65 nm 100 ~ 110 nm 405 ~ 500 nm 
 
An increase of 10 times in electrolyte concentration determines a 20% decrease in the optimum 
interpore distance [4]. 
 
3.1.2.2    Superficial irregularities 
 
An essential preliminary step in anodization is the electropolishing of the aluminium 
substrate, a process which tends to flatten imperfections on the surface reducing roughness. 
Although electropolishing can be performed on pure aluminium substrates for a long time, the 
resulting surface always presents bumps, pits [11] or intermetallic compounds [12] at a small 
scale. As a consequence when anodization starts the electric field is not uniformly distributed on 
the surface and these imperfections act as starting points for field assisted dissolution [13]. During 
this initial stage pore nucleation begins at random position on the surface with a density in the 
order of 1010 to 1012 cm-2 [14]. Afterwards a competition between pores begins and only 
dominant pores deepen [15], whereas the others merge together due to the volumetric 
expansion difference between aluminium oxide and aluminium [14]. The final interpore distance 
depends on the electrolyte/voltage combination applied (see Table 3.1) [11]. 
The influence of nucleation sites on pore ordering in PAA membranes is confirmed 
through experiments which use different techniques to pattern the surface before anodization. 
Physical marks introduced by patterning procedures control pore nucleation sites. During a 
procedure commonly called “two-step anodization” a first anodization process is carried out with 
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the intent to imprint the aluminium surface. After this first anodization, a controlled etching 
removes the PAA membrane and a second anodization is performed. The final PAA membrane 
grows on the marks left by the previous anodization with an improvement in pore ordering [12]. 
The principle of “two-steps anodization” is based on research reporting the use of masters and 
stamps as imprinting methods [16] and showing how pore nucleation sites on aluminium 
substrate can be controlled in advance by imprinting the surface. Ion beam [17] and AFM [18] can 
be used to imprint the surface with the advantage of depth control in each indentation. Results 
show that shallow deformations (3 nm) can influence pore nucleation, while deeper indentations 
cause the collapse of the pores [18]. Indentations can also control pore shape in addition to pore 
position. A concave deformation can lead to circular, square or triangular pores depending on a 
combination of etching procedure and arrangement of the indentations, according to Voronoi 
tessellation, which divides a space into subregions considering the relative distance of all the 
points to a given site [19]. Voronoi tessellation is also used in material science to represent 
polycrystalline microstructures. [20]  
In many theories concerning PAA development, superficial irregularities theories and 
penetration paths theories can coexist. Pore nucleation can be a result of both phenomena co-
acting at the very initial stage of anodization [17].  
 
3.1.2.3    Other theories 
 
A limited number of authors have developed their own theories on pore nucleation based 
on targeted experiments. Patermarakis [21] based his conclusions on chronopotentiometric 
measurements. Pore nucleation starts with denser and stable γ-Al2O3 nanocrystallites forming at 
random sites on the surface. Their development causes a local rarefaction of oxide with a 
consequent rupture of the oxide layer in an acidic environment. The resulting voids are embryos 
of pores and develop with dissolution of aluminium oxide and counter migration of O2-. Once the 
voids develop their final pear shape, pores grow because of chemical dissolution reaction on the 
tip. 
A further theory was proposed by Yang et el. [22] focusing on impurities of PO4
3- coming 
from phosphoric acid incorporated into the oxide. During galvanostatic anodization the initial 
aluminium oxide layer increases its thickness until the voltage reaches the breakdown value. Such 
a high voltage ionized the impurities inside the oxide layer starting an avalanche electron process 
with a current [23] 
 djj oe exp           [eq. 3.1] 
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with ej  the resulting electronic current, oj the primary electron current related to impurities, 
an impact ionizing coefficient and d  the thickness of the oxide. The sudden increase in the 
electronic current determines a vigorous oxygen evolution followed by an unstable growth of the 
oxide. Oxygen leaves cavities and voids in the layer which work as seeds for pore nucleation. 
  
3.2  Experiment 
 
 The experimental part is divided into three sections. The first concerns pore nucleation 
comparing PAA membranes which were anodized up to 200 seconds; SEM and AFM were used to 
characterize the initial stages in pore nucleation. The investigation aims to establish the minimum 
time and current necessary for pore nucleation. The second section investigates the influence of 
oxalic acid concentration on pore nucleation and growth, trying to clarify the correlation between 
PAA nucleation and the use of polyprotic acid as electrolyte. In the third section, in order to 
investigate the influence of electropolishing on the resulting PAA membrane, anodization was 
performed on an unpolished aluminium substrate. Pore shape and distribution was then 
compared with PAA membrane nucleated on electropolished aluminium substrate to understand 
the importance of a smooth surface on porosity. 
 
3.2.1    Anodizing procedure for pore nucleation  
 
All anodization procedures were carried out in the cell described in Chapter 2. A 
combination of 40 V and 0.3 M oxalic acid at room temperature was used for anodization. Since 
the focus of the analysis was pore nucleation during the first few seconds, the voltage was applied 
using a N5771A 300V/5A DC Power Supply (Agilent), while the fluctuations of the current were 
recorded using a 34410A 61/2 digit Multimeter (Agilent). The voltage was set at 40 V from the 
beginning of the anodization, and the current was independently recorded. The use of two 
instruments instead of the Keithley 2400 allows the inherent current limit of the sourcemeter to 
be overcome. Both the DC power supply and Digital Multimeter were controlled by Agilent VEE 
Pro 9.0 software. After anodization and pore opening (40 min in 5% H3PO4) each sample was 
analyzed using SEM and AFM. PAA membranes for SEM and AFM were coated using chromium 
(Emitech K575X, 75 mA for 1 min 30 s). 
In order to investigate the importance of the initial value of the current on pore 
nucleation two experiments where designed in which a limit was set in the current. In one 
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experiment the limit of the current was fixed at 60 mA, half of the normal initial value, while in 
another experiment the limit was fixed at 6 mA, which is the general value of the current at 40 V 
after 300 seconds, once the equilibrium of the electrochemical reactions is established. To set a 
limit in the current means that the voltage is reduced accordingly to the current as the resistance 
is defined by the porous oxide layer. Both samples were anodized in 0.3 M oxalic acid with a 
nominal voltage of 40 V for 1 hour, then the voltage was reduced exponentially until 2 V. At the 
end the PAA membrane was etched in 5% H3PO4 for 60 minutes. 
 
3.2.2    AFM/SEM analysis 
 
Areas of 1 µm and 500 nm were imaged using AFM in tapping mode. After acquisition the 
images were processed using a compatible software package. A plane fit was performed on all 
images to remove the influence of surface curvature of the aluminium substrate. Most results are 
shown as 2D images; however, some 3D images are used as well as they give a more effective 
idea of the height of the features on the surfaces.  
In preliminary experiments the influence of chromium coating, required for SEM, was 
investigated, comparing AFM images of bare electropolished aluminium and electropolished 
aluminium coated using chromium (75 mA for 1 minute 30 second, around 20 nm thickness). 
Fig.3.2 shows AFM 2D scan of an electropolished Al surface coated (a) and non coated (b). 
 
 
 
        a)       b) 
Fig. 3.2: 2D images of electropolished aluminium (a) coated and (b) non coated achieved using AFM in 
tapping mode 
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Based on comparison the general pattern of the sample appears not to be influenced by 
the coating; however, sharper details are more evident on the surface of the coated sample 
(Fig.3.2 a). In conclusion the influence of the coating layer was considered negligible, if compared 
to the size of the feature of interest. 
 
3.2.3    Influence of the electrolyte 
 
A group of experiments targeted the influence of the electrolyte, particularly its pH and 
concentration, on the anodization outcome. For this reason five solutions of oxalic acid at 
different concentrations (Table 3.2) were prepared and used to anodize an electropolished 
aluminium substrate at 40 V. All samples were then etched for 60 minutes in 5% H3PO4 for pore 
opening. 
 
Table 3.2: pH values measured for 5 different concentrations of oxalic acid used as electrolyte during 
anodization.  
oxalic acid 
concentration 
1 M 0.5 M 0.4 M 0.2 M 0.1 M 
pH 0.75 0.98 0.94 1.07 1.57 
 
 Due to the solubility limit of oxalic acid in water (14.3 g/100 mL), a concentration 10 
times higher [4] than the one normally use (0.3 M) was not feasible; therefore 1 M was chosen as 
the highest concentration.  
The five concentrations of oxalic acid (1 M, 0.5 M, 0.4 M, 0.2 M and 0.1 M) were chosen 
because they cover the pH spectrum of oxalic acid around the value of 0.3 M normally used. 
However, in order to have the full pH curve, a titration curve was performed at 30°C starting with 
a concentration of 0.6 M oxalic acid (25 mL) and adding 0.5 mL of 1 M NaOH every time. The pH 
was measured after each injection of the base solution and the value was recorded after 
stabilization. At the end a titration curve pH versus 1 M NaOH was drawn. 
To investigate whether polyprotic acids are successfully used mainly because of their 
buffer effect, a buffer solution with the same pH as 0.3 M oxalic acid (pH ~ 1.24) was prepared. A 
mixture of 0.1 M potassium hydrogen phthalate (KHP) and 0.1 M hydrochloric acid (HCl) was used 
as electrolyte applying a voltage of 40 V. Potassium hydrogen phthalate dissociates in water as 
HP- and K+ establishing the equilibrium 
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  OHPOHHP 3
2
2 .        [eq. 3.2] 
 
3.2.4    Anodizing procedure for PAA membrane 
developed on unpolished aluminium substrate  
   
An unpolished sample was anodized in 0.3 M oxalic acid at 40 V for 30 minutes in order to 
investigate PAA membrane development on aluminium substrate unpolished. The current was 
recorded during anodization. After anodization only half of the sample was etched in 5% H3PO4 for 
30 minutes. Then both halves were coated with chromium for SEM analysis. 
 
3.3  Results and discussion 
 
Results are grouped according to the aim of the investigation: section 3.3.1 summarizes 
the results on pore nucleation, whereas section 3.3.2 reports the results on using different oxalic 
acid concentration as electrolyte. Section 3.3.3 presents the outcomes of anodization on 
unpolished aluminium substrates.  
 
3.3.1    Pore nucleation 
 
Fig. 3.3 shows the general fluctuations of the current when an aluminium substrate is 
anodized for one hour at 40 V in 0.3 M oxalic acid. 
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Fig. 3.3: current on time for a sample anodized for 1 hour at 40 V 
 
According to literature [24] pores develop during the first 200 seconds of anodization. 
Fig. 3.4 focuses on the trend of the current between 0 and 20 seconds (a), and 20 and 200 
seconds (b). The fluctuation of the current for the period between 200 and 3600 seconds does not 
display any particular feature in that the current is showing only a gradual decrease. This 
behaviour agrees with the hypothesis in the literature that after pore nucleation the reaction of 
oxidation and etching are balanced and pores grow maintaining the same barrier layer thickness. 
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a)              b) 
Fig. 3.4: details of the current fluctuation: a) shows the drop in the current between 0 and 20 seconds, 
while b) shows the increase in the current between 20 and 200 seconds. 
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The trend of the current during the first 200 seconds is visibly similar to that suggested by 
Parkhutik and Shershulsky [24]. The first drop of the current (Fig. 3.4 a) is associated with the 
growth of a thin aluminium oxide layer which increases the resistance of the electropolished 
aluminium substrate. Fig. 3.5 a) shows the drop of the current between 0 and 20 second in 
logarithmic scale. Fig.3.5 b) and Fig. 3.6 show SEM images of the surface of the aluminium 
substrate after 20 and 200 seconds anodization respectively. The cracks have been purposely 
introduced to estimate the thickness of the porous layer and allow imaging of pore cross sections. 
 
 
a)              b) 
Fig. 3.5: (a) trend of the current during the first 20 seconds of anodization plotted in logarithmic scale and 
(b) image of a sample anodized for 20 seconds at 40 V. Cracks are purpose-made. 
 
Although according to literature after 2 seconds features should appear on the surface, 
SEM images (images omitted) do not show any features on the sample, possibly because they are 
smaller than the SEM maximum resolution (nominal resolution 5 nm). Images taken after 20 
seconds (Fig.3.5 b) show how a thin porous layer has developed on the substrate between 0 and 
20 seconds. The thickness cannot be determined but the pores seem to be already regularly 
distributed.   
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Fig. 3.6: image of the porous layer grown on the substrate after 200 seconds at 40 V. Cracks are 
purpose-made. 
 
Images taken after 200 seconds (Fig.3.6) prove how fast the thickness increases in this 
period. After 200 seconds pores are clearly visible and are homogeneously distributed on the 
surface. At the bottom of each pore a barrier layer is also visible. 
As previously mentioned in the first seconds of pore nucleation some features might 
appear but are too small to be detected using the SEM; therefore sample substrates were 
analyzed using AFM.   
In Fig. 3.7 3D images of samples anodized for electropolished aluminium (a), 2 second (b), 
20 seconds (c) and 200 seconds (d) are shown. All samples were coated with chromium before the 
analysis so that the sample could also be analysed using SEM. 
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a) b) 
 
c)        d) 
Fig. 3.7: 3D AFM images of aluminium samples anodized for (a) electropolished aluminium, (b) 2 seconds, 
(c) 20 seconds and (d) 200 seconds obtained in tapping mode. 
 
The use of AFM reveals a regular structure present on the surface of the sample even 
after only 2 seconds of anodization (Fig. 3.7 b). The structure becomes more evident and outlined 
and the peaks sharper as the anodization time increases, i.e. passing from Fig. 3.7 c) to Fig. 3.7 d).  
Fig.3.8 shows 2D AFM images of an electropolished aluminium substrate (a), an 
aluminium substrate anodized for 2 seconds (b), for 20 seconds (c) and for 200 seconds (d). 
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   a)                                     b) 
               
   c)       d) 
Fig. 3.8: 2D AFM images (tapping mode) of (a) electropolished aluminium, (b) aluminium anodised for 2 s, 
(c) 20 s and (d) 200 s. 
 
The 2D AFM images in Fig. 3.8 confirm the observations made for Fig. 3.7. In Fig. 3.8 the 
bright spots become more defined as the anodization proceeds from a), b), c) to d). Fig. 3.9 shows 
the FFT processed images of Fig. 3.8 a) and Fig. 3.8 d) (ImageJ). 
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a)       b) 
Fig. 3.9: FFT processed images of Fig. 3.8 a), (a) electropolished aluminium and of Fig.3.8 d), (b) 
aluminium anodized for 200 second. The increase in the definition of the surface features visible in the 
AFM images is represented in the FFT by an increase of the definition of the central circle.   
 
The bright spots appear to have random heights and distributions on the bare aluminium 
(Fig.3.9 a) but they become more defined and regular in distribution after 200 seconds (Fig.3.9 b). 
However, even after 200 seconds, the structure does not look completely connected and 
compact: pores result from a circular distribution of columnar structure of oxide. The presence of 
these defects in the structure can have important consequence for example during 
electrodeposition since they can build a preferential low resistance path for charge carriers.  
The roughness was measured on each surface over different area (see Table 3.3). Ra 
represents the average of the absolute values, whereas Rq the root mean square of the absolute 
values. 
 
Table 3.3: results of roughness measurements obtained using AFM in tapping mode for electropolished 
aluminium and aluminium samples anodized for 2 s, 20 s and 200 s. 
  
  1 µm x 1 µm   
  Al 2 s 20 s 200 s 
 Ra 0.45nm 3.56nm 3.36nm 3.61nm 
Rq 0.57nm 4.42nm 4.20nm 4.52nm 
  
  0.5 µm x 0.5 µm   
Ra 0.34nm 3.24nm 3.12nm 3.36nm 
Rq 0.43nm 4.09nm 3.85nm 4.25nm 
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There is an increase in roughness from the electropolished sample to the anodized 
samples; however, no trend or relevant changes are detected among the samples anodized for 
three different durations. However, the difference could lie in the maximum value of the peak size 
which is not detected by the AFM, but can be measured using a profiler.  
In conclusion AFM analysis demonstrates that pore nucleation begins during the first few 
seconds of anodization, when the current is at its highest value (about 120 mA for 40 V in oxalic 
acid). In order to investigate the influence of this initial value in the current, two samples were 
anodised imposing a limit in the value of the current. Fig.3.10 shows the fluctuations of the 
current and the SEM results for a sample anodized with a current limit of 60 mA (a and b) and of 6 
mA (c and d). 
 
 
a)      b) 
     
        c)      d) 
Fig. 3.10: comparison between trend of anodizing current and SEM images of samples anodized with a 
limit in the current of 60 mA (a and b) and a sample anodized with a limit in the current of 6 mA (c and d). 
Graphs a and c show the trend of the current during anodization, while b and d are SEM top view images 
of the resulting surface after anodization. 
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The trend of the current with a limit of 60 mA (Fig. 3.9 a) does not differ from the trend 
without any restriction in the current (Fig. 3.3): SEM images (Fig. 3.9 b) show a regular pore 
distribution on the substrate. By contrast Fig. 3.9 c) shows that imposing a limit in the current of 
6 mA results in no pore nucleation. The value of the current is stable for the whole anodization 
and it starts decreasing after 1 hour; the surface looks flat and homogeneous under SEM analysis. 
In conclusion it is possible to set a limit in the value of the current but the current should not be 
limited during the initial pore nucleation. A voltage of 40 V is not necessary to obtain a PAA 
membrane but pore nucleation cannot happen at value as low as 20 V (see Chapter 7). The initial 
decrease in the current is necessary for pore nucleation. Results obtained agree with the 
thermodynamic theory of electrochemical phase formation [25] where the activity of ad-atoms 
adsM
a  is determined by the relation 







RT
nF
a
a
ads
ads
M
M 
exp
*
         [eq. 3.3] 
where 
*
adsM
a is the surface activity of add-atoms at equilibrium condition, n  the number of 
electrons involved in the electrochemical reaction, F the Faraday constant,   the overpotential, 
R the gas constant and T the temperature. Equation 3.3 shows how atoms absorption, 
nucleation and in turn critical radius and critical free energy depend on the overpotential applied. 
Without overpotential nucleation of a new phase cannot happen. 
 
3.3.2    Influence of the electrolyte 
 
As the concentration of oxalic acid has a direct effect on the pH of the solution, in order to 
check the influence of the pH during the anodizing process, five oxalic acid concentrations were 
tested: 1 M, 0.5 M, 0.4 M, 0.2 M and 0.1 M. The pH was recorded between 0.75 and 1.57 (Table 
3.2) depending on the electrolyte concentration. Supposing that the acid is still in its first 
dissociation stage (Ka=0.054, pKa=1.27), the concentration of protons corresponds to the 
concentration of the acid. Therefore  
 
2
log HApK
pH a


         [eq. 3.4]
 
where  HA  is the oxalic acid concentration.  
The pH values calculated at different concentration of oxalic acid are showed in Table 3.4. 
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Table 3.4: pH values calculated for 5 different concentrations of oxalic acid used as electrolyte during 
anodization. 
oxalic acid 
concentration 
1 M 0.5 M 0.4 M 0.2 M 0.1 M 
pH (calculated) 0.64 0.79 0.83 0.98 1.14 
pH (measured) 0.75 0.98 0.94 1.07 1.57 
 
The pH values resulting from calculation underestimate the pH values experimentally 
measured for each concentration. The error is lower than 20% for oxalic acid solutions with 
concentrations between 1 M and 0.2 M, whereas the error increases to 30% for 0.1 M. 
Fig.3.11 shows SEM top view images of aluminium substrates anodized in 0.2 M (a), 0.4 M 
(b), 0.5 M (c) and 1 M (d) oxalic acid. 
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   a)       b) 
 
c)       d) 
Fig. 3.11: top view SEM images of PAA anodized using (a) 0.2 M, (b) 0.4 M, (c) 0.5 M and (d) 1 M oxalic 
acid.  
 
All SEM images in Fig. 3.11 show that pores nucleate on aluminium surface at the 
examined concentrations. The trend of the current (graphs omitted) for all the samples anodized 
in electrolyte in the concentration range 0.2 M to 1 M does not differ from Fig. 3.3. Fig. 3.12 
shows the trend of the anodizing current when 0.1 M oxalic acid is employed as electrolyte. 
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Fig. 3.12: trend of the current during anodization at 40 V in 0.1 M oxalic acid; the curve shows an initial 
decrease generally associated with pore nucleation, the value gradually increases which is consider as a 
sign of etching.   
 
The value of the current is unstable when employing 0.1 M oxalic acid as electrolyte, 
forcing the experiment to be stopped after only 800 s. Initially the current starts decreasing and 
pores develop on the surface but soon etching prevailed giving a mixed structure of PAA and 
etched aluminium. Fig. 3.13 shows SEM images on different top view area of an aluminium 
substrate anodized using 0.1 M oxalic acid for 800 s.   
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a)        b) 
 
c)       d) 
Fig. 3.13: SEM images of aluminium anodized for 800 s in 0.1 M oxalic acid. The structure results in a 
mixture of PAA (a and b) and etched aluminium (c and d). 
 
Fig. 3.13 a) and b) show pores grown on the surface of the aluminium during anodization; 
however, in other positions of the surface signs of etching were evident (Fig.3.13 c and d). These 
signs were mostly located around the edge of the sample but also in the middle excluding 
problems such as leakage from the o-ring.  
Fig. 3.14 shows the titration curve at 30°C for 0.6 M oxalic acid titrated using 1 M NaOH. 
Two horizontal lines in the graph located the position of pKa1 (pH=1.27) and pKa2 (pH=4.27) for 
oxalic acid. 
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Fig. 3.14: titration curve for 25 mL of 0.6 M oxalic acid and 1 M NaOH at 30°C. 
 
For pH values lower than or equal to pKa1 the measurement shows some instabilities as at 
such low pH a stable and consistent reading is difficult. Around a value of pH 1.2 a white 
suspension starts forming in the solution making the oxalic acid translucent. The amount of solid 
keeps increasing until the pH reaches a value of 3.4 (the shaded section in Fig. 3.14 indicates the 
presence of particles in solution); after this value the white suspension rapidly dissolves again.   
The white precipitation starts forming in solution when the pH reaches the value of pKa1. 
At this value the reaction 
  HOHCOCH 42422         [eq. 3.5] 
is at equilibrium and the negative ions can react with sodium ions giving sodium hydrogen oxalate 
according to 
4242 ONaHCOHCNa 

.       [eq. 3.6] 
If the pH increases further and reaches the value of pKa2, then the reaction 
  HOCOHC 4242         [eq. 3.7] 
occurs and the sodium salt redissolve into solution according to 
  24242 OCHNaONaHC .       [eq. 3.8] 
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Four out of five solutions used in the experiment have a pH value lower than pKa1 (1 M, 
0.5 M, 0.4 M and 0.2 M) and PAA can developed during anodization on the aluminium substrate. 
The only solution with a pH higher than pKa1 is 0.1 M oxalic acid. When this solution was used as 
electrolyte, pores started developing on the surface but then etching prevailed (Fig. 3.13). In the 
light of these experimental results an explanation is suggested involving the reactions presented 
below which control the pores formation. Reactions 
eAlAl 622 3   ,         [eq. 3.9] 
  HOOH 633 22         [eq. 3.10] 
and  
32
23 32 OAlOAl           [eq. 3.11] 
contribute to pore nucleation and propagation converting aluminium into aluminium oxide. These 
reactions are influenced by the electric field and occur at the pore base: reaction 3.10 on the 
interface of the barrier layer in contact with the electrolyte, whereas reactions 3.9 and 3.11 occur 
on the interface between aluminium oxide and aluminium. In addition there is another reaction 
responsible for aluminium oxide etching 
OHAlHOAl 2
3
32 326 

        [eq. 3.12] 
which occurs not only at the pore base but also on the pore walls and top, as it does not require 
an electric field. As can be seen reaction 3.10 produces protons decreasing the pH, while reaction 
3.12 consumes protons increasing the pH. When the two competing reactions occur on the same 
surface, they equilibrate and neither contributes to a change in pH. In this situation the pores 
propagate with a constant thickness of the barrier layer and the anodizing current is constant (see 
Chapter 4). By contrast on the pore walls reaction 3.12 prevails and the aluminium oxide is etched 
by the acidic environment. With reference to the titration curve shown in Fig. 3.13, the decrease 
in protons concentration due to etching pushes the local pH close to the pore walls up toward the 
first dissociation constant (pKa1). At this point the equilibrium reaction (eq. 3.5) does not allow 
the pH to increase keeping a constant concentration of protons. In conclusion the equilibrium 
between aluminium oxide growth and etching is maintained because of the buffer property of 
oxalic acid. Without this buffer effect opposing aluminium oxide etching, pores should have a 
shape similar to a funnel as happens in pitting corrosion, whereas PAA membranes present 
straight pores. When 0.1 M oxalic acid is used as electrolyte, the pH starting value is higher than 
pKa1. In this case no equilibrium can hinder the etching reaction, hence pores can nucleate on the 
surface but then etching prevails.  
 Table 3.5 summarizes dissociation constants for the most used polyprotic acid.      
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Table 3.5: list of polyprotic acid with the relative dissociation constant and the pH correspondent. The 
electrolyte normally used in porous aluminium anodization and the value of pKa are underlined in yellow. 
polyprotic acid formula Ka1 Ka2 Ka3 pKa1 pKa2 pKa3 
sulphuric acid H2SO4 1.0E+03 1.2E-02   -3.00 1.92   
chromic acid H2CrO4 9.6E+00 3.2E-07   -0.98 6.49   
oxalic acid H2C2O4 5.4E-02 5.4E-05   1.27 4.27   
sulfurous acid H2SO3 1.7E-02 6.4E-08   1.77 7.19   
phophoric acid H3PO4 7.1E-03 6.3E-08 4.2E-13 2.15 7.20 12.38 
glycine C2H6NO2 4.5E-03 2.5E-10   2.35 9.60   
citric acid C6H8O7 7.5E-04 1.7E-05 7.0E-07 3.12 4.77 6.15 
carbonic acid H2CO3 4.5E-07 4.7E-11   6.35 10.33   
hydrogen sulfide H2S 7.0E-07 1.3E-13   6.15 12.89   
 
The acids highlighted in yellow are the electrolyte solutions generally used to anodize 
aluminium. Sometimes chromic acid, glycine and citric acid are used as well. All these acids 
present a pKa value between 1.3 and 2.1, range in which aluminium oxide corrosion is possible.  
In order to check the importance of the buffer quality of a polyprotic acid for anodization 
a sample was anodized in a buffer solution. Fig. 3.15 shows the surface of an aluminium substrate 
anodized using a mixture of 0.1 M potassium hydrogen phthalate (KHP) and 0.1 M hydrochloric 
acid (HCl). As no previous attempts of using a buffer solution as electrolyte during anodization 
were found in literature, the self-ordering voltage for oxalic acid (40 V) was applied.  
 
 
Fig. 3.15: SEM images of aluminium oxide etched in a buffer solution of KHP at 40 V for a few seconds. 
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Since the beginning of anodization the current increases until the limit of the Keithley 
with heat evolution and foam production. Therefore the experiment was stopped after few 
seconds. As can be seen in Fig. 3.15, the aluminium surface was etched following its lattice 
parameters. No sign of pores were found on the surface.  
 
3.3.3    Influence of electropolishing on pore 
nucleation 
 
Fig. 3.16 shows that the trend of the current for an aluminium substrate anodized at 40 V 
in 0.3 M oxalic acid without any previous electropolishing procedure. 
 
Fig. 3.16: trend of the current during 40 V anodization of aluminium substrate without previous 
electropolishing process. 
 
The trend of the current does not present any special features if compared with Fig. 3.3. 
Fig. 3.17 shows the top surface and the cross section of the non etched half (a and b respectively) 
and of the etched half (c and d respectively). 
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a)        b) 
 
c)        d) 
Fig. 3.17: SEM images of an aluminium substrate anodized without any electropolishing process anodized 
for 1 hour at 40 V in 0.3 M oxalic acid. Half of the sample was etched in 5% H3PO4 (c and d), whereas the 
other half was analysed without any etching (a and b).  
 
All images in Fig. 3.17 show that the sample developed pores on its surface during 
anodization, as expected from the trend of the current (Fig. 3.16). However, pores are not visible 
from the top view of the non etched half. On normal samples pore opening is also necessary but 
the smoothness of the surface is enough to notice small bumps due to the presence of pores. 
Here ridges due to aluminium processing cover all smaller features. SEM images of the etched half 
show that a 30 minute etching is not enough to remove the ridges from aluminium processing and 
pores are only partially visible. It is interesting though that pore growth does not seem to be 
affected by the electropolishing process. Through cracks in the etched half (Fig. 3.17 d) of the 
samples pores underneath the top layer show normal shape and distribution. 
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3.4  Conclusion 
 
The experiments described in this chapter were planned to answer some specific 
questions about the limit at which the different parameters can be pushed during anodization. In 
specific the range in which voltage and electrolyte can vary without compromising pore 
nucleation is crucial to obtained PAA membrane with shaped pores for optical application (see 
Chapter 6 and 7).  
AFM images of an electropolished aluminium substrate before anodization show random 
feature on the sample at the nanoscale. During pore nucleation a certain number of these 
features grows at the expense of others and the pore circular shape becomes more and more 
evident while their density decrease according to literature [14].  
A certain potential is necessary to start the nucleation process. Limiting the current that is 
reducing the potential can compromise pore nucleation as the necessary electrochemical 
overpotential to start the process is not applied to the system. This observation is particularly 
important when the potential applied is used to control the pore diameter (Chapter 6). 
Anodization procedures using different electrolyte concentrations established the 
concentration limit at which pore development is still possible. Using a titration curve for oxalic 
acid it was observed that for concentration higher than pKa1 a stable PAA development is not 
possible. The influence of the buffer effect of oxalic acid on the equilibrium between aluminium 
oxide growth and etching is suggested as a possible explanation for the results. The use of a 
buffer solution as electrolyte during anodization indicated that buffer effect in a polyprotic acid is 
not the only reason for pore development. However, conclusions cannot be pushed further as 
there is no way to measure the pH level at the pore tip or walls where the reactions responsible 
for pore development occur. 
Pore nucleation does not strictly depend on the state of electropolished aluminium. Pores 
grow on an unpolished substrate as they do on a mirror finished substrate. The aluminium 
roughness removed during electropolishing has features larger than those influencing pore 
nucleation and distribution. However, if a correct electropolishing procedure is not applied to the 
substrate, the initial roughness is not dissolved during the anodization, compromising the final 
PAA structure. 
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3.5  Future work 
 
This chapter focused on the correlation between voltage and electrolyte, and pore 
nucleation, and on the initial stages of pore development. The correlation between voltage and 
pore development and its influence on pore shape was not faced in this chapter but it will be the 
discussed in Chapter 6. The presence of a limit in the voltage for pore nucleation is particularly 
important when trying to change the porosity of the PAA membrane during anodization as the 
voltage can be reduced under this limit only after nucleation. However, further experiments are 
necessary to determine the exact voltage limit. 
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Chapter 4: Pore propagation 
 
This chapter focuses on pore development, on the influence of anodizing potential, on the 
thickness of PAA membranes, their composition and the current efficiency of the reaction. In 
particular investigations were carried out to determine the effect of a discontinuous anodization 
on PAA membrane structures. A discontinuous anodization can be used to modify the pore 
structure during the PAA development. A change in pore diameter and interpore distance 
obtained acting on the electrolyte or the potential during anodization in order to modify the 
refractive index of the membrane will be the topic of Chapter 6. In addition secondary ion mass 
spectrometry (SIMS) was used in an attempt of map the aluminium oxide/hydroxide composition 
along the pore main axis. The ratio between aluminium oxide and hydroxide is interesting from an 
optical point of view because it influences the refractive index of the amorphous PAA membrane. 
A layer of unknown optical properties can be investigated using ellipsometry (see Chapter 7). 
Once an elllipsometric validated model is built and used to fit the data, a value for the refractive 
index for a mixed layer of aluminium oxide and hydroxide can be obtained. 
 
4.1  Pore development 
 
As for pore nucleation, different theories have been proposed for pore development. 
Nowadays the main issues regard the influence of the electric field on the chemical reactions of 
aluminium oxidation and alumina dissolution, and the mechanical flow of the oxide during 
growth.  
At present almost all authors in the literature agree on the two main reactions 
responsible for oxide formation and dissolution. On the aluminium/aluminium oxide interface the 
reactions [1] 
      eoxideAlsAl 622 3         [eq. 4.1] 
and 
32
23 32 OAlOAl            [eq. 4.2] 
are responsible for oxide growth and reaction 4.1, as an electrochemical reaction, is directly 
influenced by the electric field. In addition the reaction 
 3232 23 OHAlOHOAl          [eq. 4.3] 
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can also occur in an aqueous environment causing the formation of aluminium hydroxide. Most of 
the Al3+ ions resulting from eq. 4.1 react with O2- ions forming oxide (eq. 4.2) but some Al3+ may 
diffuse through the oxide and be ejected into solution without reacting, so there is a reduction in 
the efficiency of eq. 4.2. 
On the other side of the barrier layer, i.e. on the aluminium oxide/electrolyte interface, the 
reaction of water splitting occurs [1] 
     oxideOaqHlOH   22 363         [eq. 4.4] 
providing the oxygen ions necessary for the oxide growth (eq. 4.2) and releasing protons into the 
electrolyte solution. On the same interface the reaction of oxide dissolution takes place 
       lOHaqAlaqHsOAl 2
3
32 326 

     [eq. 4.5] 
and is responsible, together with eq. 4.2, for pore propagation and PAA development. 
While aluminium ionization (eq.4.1) is explicitly influenced by the electric field, oxide 
dissolution (eq. 4.5) can be either an electrochemical or a chemical reaction. Most authors [2-4] 
lean towards the idea of a field assisted dissolution where a change in the anodizing potential 
influences reactions 4.1 and 4.5 and every time the potential is constant, a new equilibrium 
between oxide formation and dissolution is set for each electrolyte. However, reaction 4.5 is also 
influenced by proton concentration in the electrolyte, which is directly regulated through reaction 
4.4. In conclusion oxide dissolution can be directly influenced by the field or can be influenced by 
the pH of the electrolyte at the pore tip. In this second case pore propagation follows a process 
similar to pitting corrosion (Fig. 4.1). 
 
 
Fig. 4.1: diagram of pitting corrosion of aluminium in the presence of copper and chlorine ions. [5] 
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Pitting corrosion is a type of localised corrosion which starts from a break in the oxide 
protective layer of a metal and propagates due to the decrease in the pH value in the crack. At 
low pH oxidation cannot happen and the original break in the oxide cannot heal: the higher the 
dissolution, the lower the pH; therefore the process is self sustained. However, oxidation keeps 
forming aluminium hydroxide just outside the pit, where the pH is higher due to the lower 
concentration of H+. This tendency of scaling at the pore entrance is typical of pitting corrosion 
and it is seen during pore propagation. PAA membrane resulting from an hour anodization at 
constant voltage shows bumps on the top surface between one pore and the other. The use of 
phosphoric acid as etchant to reveal the pore structure is based on the reaction 
  OHAlPOOHAlPOH 24343 3       [eq. 4.6] 
where aluminium hydroxide is dissolved into the acid. As mention in Chapter 2 the etching 
reaction during pore opening does not affect only the PAA top layer but also the pore walls. 
Therefore a PAA membrane is made of a mixture of amorphous aluminium oxide and hydroxide. 
This mixed composition of the membrane influences the optical properties of the membrane and 
it has to be taken into account when modelling the ellipsometrical data in Chapter 7. 
Another important consideration about pore propagation regards the current efficiency 
of anodization. Although in the past it has been neglected [6], it has now been experimentally 
proved [7] that during anodization some Al3+ ions are directly ejected into solution without 
reacting with oxygen ions, reducing the efficiency of the oxide forming reaction. Attempts have 
been carried out to try to measure the current efficiency [8] and its relation to the potential. At 
present the efficiency of the anodizing reaction is considered to be about 60% [9]. This value is 
necessary to calculate the amount of aluminium oxide formed during anodization and relate the 
stress introduced into the material to the difference in expansion coefficient between aluminium 
and aluminium oxide. The mismatch between expansion coefficients has been considered as the 
principal reason for the hexagonal pore ordering and pore growth. [10] 
Simulations [11] and experimental evidences [12] obtained using tracers have recently 
suggested an ionic migration supported by electric potential, stress gradient and material flow.  
This viscous flow helps oxide distribution along the pore walls and is responsible for tensile and 
compressive stress near the aluminium/aluminium oxide interface. The migration of ions is 
defined as field-assisted migration since it leads to an electric field of the order of 106 V cm-1. 
When the electric field in the film is uniform, the changes in the barrier thickness control the 
direction of the migration [13].  
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Lee et al. [14] used a pulsed anodization alternating hard anodization (V > 120 V for oxalic 
acid) stages and mild anodization (V ~ 40 V for oxalic acid) stages. Since pore diameter depends 
on the anodizing voltage, potential and pulse duration need to be carefully chosen to avoid 
branching and pore disordering. The resulting PAA membrane show voids along cell boundaries 
and pore walls due to oxygen evolution  
  eOO 42 2
2
         
[eq. 4.7] 
during hard anodization pulses. The presence of voids is attributed to plastic flow of material 
causing compressive stress between neighbouring cells and determining the hexagonal ordering. 
Plastic flow of material is also suggested by Garcia-Vergara et al. [15] who investigated the 
position of a tungsten tracer initially located in the aluminium during anodization. Negligible 
tungsten is ejected into the electrolyte; the tracer is firstly incorporated in the oxide at the pore 
base and then transported in the wall region when the barrier layer flows, influenced by the stress 
developed during aluminium/alumina transformation. The deformation can get up to 12% 
without cracking of the film barrier oxide. 
 
Subsections 4.1.1, 4.1.2 and 4.1.3 give brief descriptions of three investigative methods 
on PAA development which are described in literature. 
  
4.1.1    Theoretical model 
 
Due to the complex nature and dimensions of the aluminium/oxide/electrolyte system it 
is extremely difficult to develop a theoretical model which can be transferred to all systems and 
solved using analytical equations based only on parameters which can be experimentally 
measured.    
Several theoretical models have been developed trying to simulate pore nucleation and 
growth. Each model starts with different assumptions and simplifications in order to achieve a set 
of equations based on a limited number of parameters which can be experimentally measured. 
Parkhutik et al. [16] modelled barrier layer growth and dissolution presenting an equation to 
predict pore cell size considering the influence of electronic field, electrolyte concentration, 
temperature, molecular structure of the oxide and Faradaic relations between the oxide and the 
current. Although they did not consider the current efficiency, a correction factor can be 
introduced modifying the Faraidaic reaction coefficient. However, among their assumptions they 
considered oxide growth happening at both aluminium/oxide and oxide/electrolyte interfaces and 
the final equation required an experimental measurement of the pH close to the pore tip, which is 
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not yet feasible at the nanoscale level [17]. More recent work of Kanakala et al. [18] elaborated 
separated equations for pore nucleation and pore propagation. During this second process the 
electrical resistance is controlled by the barrier layer at the pore base and the etching reaction 
rate is considered lower than the oxide formation reaction rate since the pores increase in depth 
during the process. The resulting analytical equations relate thickness of the barrier layer ( poh ), 
experimental parameters (applied current 
oI , area of the anode A and the pore poA ) and 
model parameters (constant rate of formation formK  and etching etchK , proportional constant K
)  and they are generalized to all the systems with different potential and electrolyte [19].  
 
po
etchpo
poo
formpo
A
KKh
KhI
A
K
dt
dh
       [eq. 4.8] 
Even in this model some assumptions are questionable, such as the fact that there is no oxide 
growth on the interface between pores and the rate of etching is chosen arbitrarily.  
 
4.1.2    Use of impedance spectroscopy 
 
Impedance spectroscopy [20] is a technique widely used in electrochemistry to analyze 
and distinguish different electrochemical reactions happening in a system. With regards to PAA 
membrane formation impedance spectroscopy is generally used on porous structures after 
anodization in order to investigate the behaviour of the barrier layer present at the pore base. 
The system aluminium/aluminium oxide/electrolyte is probed at different frequencies and a 
complex signal is obtained from the measurement [21-22]. The signal is usually represented using 
a Nyquist plot (real part versus imaginary part) and the results are analysed based on an 
equivalent circuit of the system. The equivalent circuit consists of resistive, capacitative and 
inductive elements connected in series or in parallel trying to represent the physics of the system 
from which the signal is obtained. The higher the number of elements, the more precise the 
fitting. However, different equivalent circuits can fit the same set of data, therefore establishing 
the physics of the system is essential to get a valid analysis.  
The general response for an aluminium/aluminium oxide/electrolyte system obtained 
after the structure is developed, is a capacitive arch at high frequency, an inductive loop at 
intermediate frequency [23] and another capacitive arch at low frequency [24].  Due to 
equipment limitations it is difficult to perform an impedance investigation during anodization, i.e. 
while applying anodization of 40 V. Different equivalent circuits have been suggested to fit the 
Nyquist plot for PAA membrane considering a resistance and capacitance of the oxide, ionic 
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relaxation, diffusion of charged species and also dynamic reorganization of the porous oxide. 
Among the conclusions reached using this technique are the presence of vacancies in the oxide 
[25] and the distinction between intrinsic electrical properties of the oxide, independence of 
electrolyte types, and extrinsic properties of the oxide, related to migration of ions and material 
flow [24]. 
 
4.1.3    Voltage sweep 
 
In addition to impedance spectroscopy a voltage sweep can also be used to determine the 
thickness of the barrier layer at the pore base during anodization. As described in the 
introduction, during potentiostatic anodization the trend of the current shows an initial transient 
and then reaches a stable level after about 300 s. A stable value of the current implies equilibrium 
between the opposing reactions of oxide formation and dissolution which, in turn, means a 
constant thickness of the barrier layer, in that this is the main resistance in the electric circuit. If 
the voltage is changed, the rates of oxide formation and dissolution reactions change. The current 
responds with some fluctuations before reaching a new different stable value as the two reactions 
equilibrate again with a different thickness of the barrier layer. In conclusion the thickness of the 
barrier layer in a PAA membrane depends on the value of the voltage applied during anodization 
[22, 26]. In order to measure the thickness of the barrier layer some authors [27-28] have used a 
quick voltage sweep. When the voltage is changed really quickly from an equilibrium value to 
another value the reactions do not instantaneously reach the new equilibrium and the thickness 
of the barrier layer remains initially constant. The thickness of the barrier layer bd  is associated 
to the voltage applied before the sweep ( iV ) according to 
ib dVd             [eq. 4.9] 
where d  is a proportionality constant.  The plot of the I-V curve based on experimental results 
provides information on the electrical behaviour of the barrier layer.  
The main strength of this technique is its simplicity; however, this can be its main 
weakness as well. Indeed this theory does not take into account any physical phenomena such as 
relaxation, charge redistribution in the double layer, charge migration or even nucleation of 
another porous layer.  
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4.2  Experimental 
 
 The experimental part is divided into four main groups of experiments. The first group 
concerns the effects of a discontinuous voltage applied during anodization. The second group 
aims at measuring the thickness of the entire PAA membrane, whereas the third group 
investigates the current efficiency of anodization. The last experiment attempts to map the 
distribution of aluminium oxide and aluminium hydroxide. 
 
4.2.1    Influence of the voltage 
 
During normal anodization processes the voltage is applied continuously and the resulting 
PAA membrane presents straight pores whose distribution and geometrical parameters depend 
on voltage, electrolyte and temperature. A group of experiments was designed to understand 
whether discontinuities in the voltage affects pore shape and to determine the response in the 
current. In one experiment 40 V were applied for 250 s. The sample was then washed in deionised 
water and dried. A new solution of 0.3 M oxalic acid was then poured into the cell and 40 V were 
applied again for 100 s.  
Another aluminium substrate was subject to a voltage sweep in 0.3 M oxalic acid 
following the procedure: 
- 40 V for 10 minutes;  
- 0 V for 1 second;  
- 40 V for 10 minutes; 
- 0 V for 3 seconds; 
- 40 V for 10 minutes; 
then it was washed and etched for 40 minutes in 5% H3PO4. Both experiments aimed to 
investigate a possible effect on the sample structure. Therefore the first step of 40 V was 
maintained until a complete PAA was formed on the substrate and the current was stable.  
 
4.2.2    Thickness of PAA membranes 
 
Developing a procedure to measure the PAA membrane thickness is not only necessary to 
estimate the efficiency of the anodization, but also crucial for fitting ellipsometrical data. In order 
to measure the thickness of PAA membranes, part of the structure was dissolved using an acidic 
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solution. First a drop of solvent based resin was deposited on an electropolished aluminium 
substrate to check the effect of the acidic solution on the substrate. The sample was immersed in 
a solution of 0.2 M chromic acid (H2CrO4) and 0.4 M phosphoric acid (H3PO4) for 4 hours, and then 
washed with deionised water. The purpose of the experiment was to measure the step between 
the aluminium protected by the mask and the aluminium in contact with the acid solution. Initially 
an optical profiler (see Chapter 2) was used to measure whether there has been any etching 
during 4 hours. The measurement shows no step. The experiment was repeated leaving the 
masked aluminium in the same etching solution for 16 hours, then the mask was removed and the 
step on the edge measured using a contact profiler. Also in this case the step was negligible 
compared with the roughness of the substrate. Based on both results the etching of 0.2 M 
chromic acid and 0.4 M phosphoric acid is considered to not affect the aluminium substrate. 
A second experiment was designed to measure the step between the electropolished 
aluminium substrate and the top of the PAA membrane. An aluminium substrate was 
electropolished for 15 minutes at 20 V (solution of 1:4 70% perchloric acid, 99.7% ethanol), then 
washed with deionised water and dried. A small drop of solvent based resin was deposited close 
to the centre of the dried sample and left to dry for 1 hour. In order to avoid stress and ensuing 
detachment, the drop was kept as small as possible and the anodization time was reduced from 1 
hour to 30 minutes. During anodization in 0.3 M oxalic acid the temperature was set at around 
1-2 °C, and the voltage at 40 V. After anodization pores were not opened in 5% H3PO4 in order to 
measure the exact height of the PAA membrane after 30 minutes anodization. An optical profiler 
was first used to analyse the steps between the pore top and the masked aluminium, and 
between the pore base and the masked aluminium. Then, a solution of 0.2 M chromic acid 
(H2CrO4) and 0.4 M phosphoric acid (H3PO4) was used to completely dissolve the PAA membrane 
for 8 hours. The step between the masked aluminium surface and the pore base was then 
measured again, as the first measurement using the optical profiler was dependent on accurate 
knowledge of the optical properties of the membrane.  
 
4.2.3    Current efficiency 
 
An electropolished aluminium foil (5 cmx2 cm) was cut into two pieces of roughly the 
same size. Each piece was weighed on a 5-digit balance with horizontal stage before being 
anodized. Both samples were anodized at 40 V for 30 minutes and no pore opening was 
performed after anodization. One sample was dried in an oven (T ~ 70°C), whereas the other one 
was dried using compressed air. Both samples were then weighed again on the same 5-digit 
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balance.  One of the two samples (sample 2) was then immersed in a solution of 0.4 M phosphoric 
acid and 0.2 M chromic acid for 9 hour to remove completely the PAA membrane grown during 
anodization. Then the sample was weighed again. A contact profiler was used to measure the step 
between the aluminium substrate electropolished and the aluminium at the base of the pores. An 
accurate measurement of the change in the weight of the sample together with the trend of the 
anodizing current and the use of contact profilometry allows a rough calculation of the efficiency 
of the anodization.  
 
4.2.4    SIMS analysis: composition along the pores  
 
PAA membranes are formed of a mixture of amorphous aluminium oxide and hydroxide 
which both contribute to their optical properties. Mapping the distribution and relative 
concentration of the two components could help in determining the properties of the membrane. 
SIMS is a destructive technique which allows the performance of mass spectroscopy on ions 
coming from the sample when it is hit by a primary beam. The idea was to use the SIMS to detect 
differences in hydrogen concentration along the pore axis. A higher concentration of hydrogen in 
certain PAA area is attributed to the presence of aluminium hydroxide. By contrast a lower 
concentration of hydrogen can be indicative of the presence of only aluminium oxide. An 
electropolished aluminium for SIMS analysis was anodized at 40 V for 30 minutes in 0.3 M oxalic 
acid and no pore opening was performed. A conductive band was stuck in the middle of the 
sample to form a conductive bridge on the insulating aluminium oxide layer. A first wide platinum 
layer was deposited on the PAA surface (thickness around 0.5 µm). Then a second more localized 
layer of platinum was deposited inside the previous one (thickness 1 µm).  The first platinum layer 
is for general protection and connects the sample area to the conductive band, whereas the 
second platinum layer is to protect the edge of the sample during the FIB cut. The FIB beam is not 
as sharp as theory suggests but it has a Gaussian shape with two exponential ends. When it hits 
the sample it rounds the edge of the sample area. In order to avoid this collateral damage of the 
sample, a platinum layer is “sacrificed”. 
In initial experiments the FIB was used to cut the sample vertically. Fig. 4.2 shows an 
image of the cut using a SE detector (Fig. 4.2 a) and a SI detector (Fig. 4.2 b). Using an ion detector 
reduced the contrast between the conductive layer (aluminium) and the insulating layer 
(aluminium oxide). 
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  a)          b) 
Fig. 4.2: Image of the vertical FIB cut on the sample, the different layers are identified by labels: a) SE 
image, while b) SI image.  
 
Once it had been verified that it is possible to achieve a clean vertical cut of the sample, a 
second cut on another area of the sample was performed using the FIB forming an angle of 15 
degree with respect to the sample surface (Fig. 4.3). This was done in order to increase the area 
for the analysis. 
 
 
Pt (second layer) 
Pt (first layer) 
Porous Al2O3 
Aluminium  
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Fig. 4.3: schematic view of an electropolished aluminium anodized for 30 minutes cut at 15° using the FIB. 
The cut increases the porous area for the analysis   
 
Fig.4.4 shows SEM images of the sample cut at 15°: SE image (a) and SI image (b). 
 
 
                                      
  a)                b) 
Fig. 4.4: images of the 15° FIB cut, the different layers are identified by labels: a) SE image, while b) SI 
image. 
 
As the aim was to check the distribution of AlO+ and Al(OH)2+ along the pore profile in 
order to map the composition of the sample, the scan was carried out looking for positive ions. 
Pt (second layer) 
Pt (first layer) 
Porous Al2O3 
Aluminium  
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However, the intensity of the positive ions peaks was small and easy to mistake with background 
noise. Therefore another scan was performed on the sample looking for O2- and OH-. The ratio of 
these two peaks can be used to measure the variation in the concentration of hydrogen along the 
pores. In addition both peaks result higher than the background noise. The counts for the relevant 
peaks of positive ions is around 0.4 Kcounts s-1, while for the negative ions is much higher, around 
3 Kcounts s-1. The current necessary for the measurement is 1 nA. 
Based on these preliminary measurements we decided to map the ramp using 1 nA 
current and: 
for O2- : 1 ms (since the count is 60 Kcounts s-1, it gives 60 counts) 
for OH-: 4 ms (since the count is 3 Kcounts s-1, it gives 12 counts). 
We expected to measure a higher concentration of OH- on the upper part of the ramp/pore as 
pores are sealed with aluminium hydroxide instead of aluminium oxide. 
 
 4.3  Results and discussion 
 
Results are grouped according to the aim of the investigation: section 4.3.1 summarizes 
the results of discontinuous voltage applied during anodization, section 4.3.2 presents the 
measurement of the PAA membrane thickness, whereas section 4.3.3 deals with the results of 
current efficiency experiments. Section 4.3.4 concerns the SIMS measurement along the pore 
profile. 
 
4.3.1    Influence of the voltage 
 
Fig.4.5 reports the current recorded during the “two segment” anodization, in which the 
sample was anodized a first time for 250 seconds, then washed with deionised water and finally 
anodized for other 100 seconds. 
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         a)        b) 
Fig. 4.5:  Graph of the “two segments” anodization: graph a) shows the first 250 seconds anodization, 
whereas graph b) shows the 100 seconds anodization. 
 
During the first “segment” of anodization pores develop on the aluminium substrate and 
after 100 seconds the reactions of aluminium oxide growth and dissolution equalize at a specific 
stable value of the current for a certain barrier layer thickness. After washing, as the anodizing 
voltage is applied again, the current rises reaching later the same stable value it had in the first 
“segment” of anodization. SEM images do not show any special features compared to PAA 
membrane anodized at a continuous constant voltage. In conclusion the experiment shows that 
when the anodizing voltage is applied for the second time there is no nucleation of another PAA 
membrane underneath the first PAA membrane; by contrast pores propagate after restoring a 
barrier layer thickness which allows charge transfer and pore growth at the specific voltage 
applied.   
Fig.4.6 a) shows the complete trend of the current during anodization when the voltage 
initially at 40 V dropped twice to 0 V and back. Fig.4.6 b) and c) show the drops in the current in 
details. 
0 50 100 150 200 250
0.000
0.002
0.004
0.006
0.008
0.010
 
I 
[A
]
time [sec]
 40 V for 250 sec
250 300 350 400 450 500
 
 
 40 V for 100 sec
time [s] 
115 
 
 
Fig. 4.6: fluctuations of the current during the “step” anodization. Graph a) reproduces the entire trend of 
the current during the whole anodizing process. Graphs b) and c) show the current between 595 s and 
615 s, and between 1200 s and 1220 s, when the voltage was sudden decrease: (b) 0 V for 1 s and (c) 0 V 
for 3 s. 
 
The first short drop in the voltage was meant to check whether the response of the 
current is sudden and the value goes to zero. The following 10 minutes at 40 V were designed to 
allow enough time to the sample to come back to a stable value in the current before the second 
drop which is longer than the first. The response of the current during the last 10 minute at 40 V 
should be compared with the response after the first drop. 
The basic idea of applying a voltage sweep is to use the value of the current before and 
immediately after the change in the voltage to obtain the thickness of the barrier layer from its 
resistance. The assumption is that the change in the voltage is so quick that no modifications due 
to chemical reactions in the barrier layer are possible. [27] As preliminary experiments excluded 
any delay in the source/meter output, any changes in the value of the current after the drop in 
the voltage reproduce the behaviour of the electrochemical system. If the voltage is quickly 
reduced to 0 V and back to the initial value, the values of the current before and immediately 
after the change should be the same without charge redistribution or capacitance effect. Fig. 4.6 
b) contradicts this statement as the current rise immediately after the sweep and only after 2 
seconds regains its previous value. In addition Fig. 4.6 c) shows how the increase in the current is 
higher when the voltage is maintained at 0 V longer. No changes in the porous structure are 
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evident from SEM images. From these observations on the behaviour of the current it can be 
suggested that when the voltage drops to 0 V, PAA growth (eq. 4.2) stops but aluminium oxide 
dissolution (eq. 4.5) continues thinning the barrier layer at pore base. As etching continues even 
when no potential is applied to the cell, the etching reaction is influenced by protons 
concentration at the pore tip which increases as the etching proceeds. The process is self 
sustained as in pitting corrosion and the barrier layer at the pore base becomes thinner. As the 
voltage is set back at the previous anodizing value, the current rises because of the smaller 
resistance presented by a thinner barrier layer but soon the barrier layer regains its original 
thickness and the current stabilizes at the same value that it had before the sweep. The longer the 
voltage is maintained at 0 V, the thinner the barrier layer, the higher the value of the current after 
the sweep. The sweep in the voltage does not affect the pore diameter as there is not sign of 
necking or branching in SEM images (not reproduced), however, changes in the barrier layer 
thickness during anodization cannot be visible from images taken at the end of the anodizing 
process.  
 
4.3.2    Thickness of PAA 
 
Using the optical profiler to analyze the interface between the masked aluminium and the 
PAA membrane, we observed three sets of constructive interference fringes: one with a strong 
contrast corresponding to the masked aluminium, the other two corresponding to the PAA 
membrane.  One of these last two fringes was brighter using a lens 10X, the other was brighter 
using a lens 50X. The first was attributed to the interface between the base of the pores and the 
aluminium substrate, the other to the top surface of the PAA membrane.  
Fig. 4.7 shows the plane image a) and the 3D structure b) of the step between the masked 
aluminium and the top of the PAA membrane.  
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a) 
 
 
 
b) 
Fig. 4.7: optic profiler data for the step between masked aluminium (lower-blue zone) and the top of the 
PAA membrane (higher-red zone): a) planar image and b) 3D model. 
 
The step measured is around 1.5 µm. 
Masked aluminium surface 
Top of the PAA 
membrane 
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Fig. 4.8 shows the plan image (a) and the 3D structure (b) of the step between the masked 
aluminium and the interface between the masked aluminium and the pore base.  
 
 
      a) 
 
         b) 
Fig. 4.8: optic profiler data for the step between masked aluminium (higher-red zone) and the interface 
pore base-aluminium (lower-blue zone): a) planar image and b) 3D model. 
 
Although Fig. 4.8 shows clearly the step between the masked aluminium and the interface 
pore base-aluminium, the depth of the step is influenced by the optical properties of the PAA 
membrane. As both the refractive index of the PAA membrane and the incidence angle of the 
light in the optic profiler are unknown, contact profilometry has to be used to measure this step. 
Masked aluminium 
surface 
Interface aluminium-pore base 
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The PAA membrane was dissolved and the step between the pore base and the masked 
aluminium was measured for a second time using a contact profiler. The step measures 2.5 µm. 
This last measurement confirmed that pores develop more by etching the aluminium 
substrate, so the mean level of the substrate reduces but the difference in volume expansion 
compensates this effect and the total system substrate plus PAA results thicker than the 
substrate. The ability of the optic profiler to distinguish between the two interfaces (pore base 
and pore top) means it is theoretically unnecessary to etch the aluminium oxide structure to 
measure the step between the pore base and the bare aluminium. However, the thickness 
measured between the pore base and the bare aluminium is affected by the optical properties of 
the porous membrane.  
 
4.3.3    Current efficiency 
 
Table 4.1 summarize the changes in the weight of the samples during the different stages 
of the procedure. 
 
Table 4.1: weights of sample 1 and 2 after electropolishing (before anodization), after anodization and, 
for sample 2, after chemical removal of PAA membrane. 
sample 
weight after 
electropolishing 
[mg±0.1 mg] 
weight after 
anodization 
[mg±0.1 mg] 
weight after etching 
[mg±0.1 mg] 
1 222.0 222.4   
2 204.3 204.7 203.1 
 
Table 4.1 shows that both samples increased their weight by 0.4 mg after anodization, and sample 
2 lost 1.6 mg during etching compared to its weight after anodization. The increase of 0.4 mg is 
due to aluminium from the substrate converted in PAA during 30 minutes anodization. The same 
amount is then dissolved into acid during etching. The contact profiler measured a step of 4.7±0.6 
µm between the aluminium non anodized and the aluminium after PAA dissolution. The area 
anodized measures 0.99 cm2 giving a volume of 4.6x10-4 cm3 of aluminium reacted during 
anodization. Considering that the density of aluminium is 2.7 gcm-3 [29], the amount of aluminium 
involved in the anodizing reaction is 12.56x10-4 g. A parallel calculation can be done using the 
different weights in Table 4.1. The amount of aluminium which reacted during anodization can be 
calculated subtracting the weight of sample 2 after etching to the weight of the same sample 
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after electropolishing. The result is 12x10-4 g which matches the value obtained using contact 
profilometry.  
 Given the amount of aluminium which reacted during anodization, there are two ways to 
calculate the weight and volume of PAA obtained. The first uses the difference in the volume 
between aluminium and aluminium oxide. As there was no measurement between the top layer 
of the PAA and the aluminium non anodized, in order to have an estimation of the volume of PAA 
it is necessary to consider the difference in volume expansion between aluminium and aluminium 
oxide which can be calculated as 
1 cm3 of Al 1.37 cm3 of Al2O3. 
The volume of the resulting PAA is then 6.3x10-4 cm3. The average density of crystalline aluminium 
oxide is 4 gcm-3, hence the weight of aluminium oxide is 25x10-4 g. In this calculation the density 
of crystalline aluminium oxide (4 gcm-3) was used to obtain weight and volume of PAA. However, 
as we have mentioned before, PAA resulting from anodization is made of amorphous aluminium 
oxide and aluminium hydroxide. The presence of both components is neglected in this calculation. 
The second way to calculate weight and volume of PAA uses only the molar mass of 
aluminium oxide which does not change for an amorphous structure. The presence of aluminium 
hydroxide is neglected again. The reaction of PAA formed during anodization 
eOAlOAl 632 32
2  
  
      [eq. 4.10] 
and it shows 2 moles of aluminium are necessary to form 1 mole of aluminium oxide. The number 
of moles in 12.56x10-4 g of aluminium can be calculated using the molar mass of aluminium 
(27 gmol-1) obtaining 0.47 x10-4 mol. As a consequence, 0.23x10-4 moles of aluminium oxide 
results from anodization giving a weight of 23.7x10-4 g using 101.96 gmol-1 as the molar mass of 
aluminium oxide. The values obtained from the two calculations, which are 25.0x10-4 g and 23.7 
x10-4 g respectively, are different and the main difference lies in the use of the aluminium oxide 
crystalline density. 
The weight of PAA developed during anodization can also be calculated subtracting the 
weight of sample 2 after etching to the weight of the same sample after anodization. The result is 
16x10-4 g, which is less than the values previously calculated.  
Another way to calculate the amount of PAA formed is considering the current measured 
during anodization (eq. 4.10). The integral of the anodization current over time gives the charge (
C ) transferred during the electrochemical process which can be transformed into the amount of 
moles of aluminium oxide grown on the surface according to 
mol
F
C

6           
[eq. 4.11] 
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where F is the Faraday constant. As the amount of charge measured during the anodization of 
sample 2 is 13.15 C, the resulting moles are 2.27x10-5 mol. The molar mass of aluminium oxide is 
101.96 gmol-1, giving a mass of aluminium oxide of 23x10-4 g. Using the same density as before 
(4 gcm-3) the volume of aluminium oxide should be 5.8x10-4 cm3. The value of 23x10-4g is similar to 
the value calculated using the contact profiler step, without using the crystalline aluminium oxide 
density. 
Table 4.2 summarizes the results obtained together with the error. 
 
Table 4.2: results obtained using three different methods (contact profilometry, weighting and analysis of 
the current) to obtained volume and weight of aluminium oxide resulting from 30 minutes anodization at 
40 V in oxalic acid. 
sample 2/aluminium oxide 
Method Weight 
volume                    
(using density) 
weight                          
(without density) 
contact profilometry 25x10-4 g (±3 x10-4) 6x10-4 cm3 (±1 x10-4) 24x10-4 g (±3 x10-4) 
Weighing 16x10-4 g (±0.1 x10-4) 4x10-4 cm3 (±0.2 x10-4)   
analysis of the current 23x10-4 g (±0.1 x10-4) 5.8x10-4 cm3 (±0.2 x10-4)   
 
As previously stated PAA is made of aluminium hydroxide and amorphous aluminium 
oxide; amorphous aluminium oxide can have a density between 2.32 gcm-3 and 3.9 gcm-3 
according to different sources. [30-32] In order to calculate the value of the density for the PAA 
obtained during anodization of sample 2, the approximate volume of PAA is estimated.  
Previous samples anodized at 40 V were imaged using SEM and their top view was 
analysed using Imagej software in order to determine the average porosity for samples anodized 
at self ordering voltage. The results show a mean porosity value of 13% which is close to the 
theoretical value of 10%. [33] Therefore, supposing a porosity of 13%, the area of the PAA 
membrane is 0.86 cm2 instead of 0.99 cm2. The total height of the PAA membrane cannot be 
determined as only the step between the non anodized aluminium and the pore based was 
measured using the contact profiler (4.7±0.6 µm). In section 4.3.2 a sample was anodized for 30 
minutes at 40 V and both steps were measured. In that case the results were 1.5 µm for the step 
between the top of the pores and the non anodized aluminium, and 2.5 µm for the step between 
the non anodized aluminium and the pore base. Although both samples were anodized at 40 V for 
30 minutes, they show two different values for the step between the non anodized aluminium 
and the pore base: 2.5 µm and 4.7 µm. The difference is attributed to the different value of the 
charged passed during anodization at 40 V for 30 minutes (7.84 C and 13.15 C respectively), which 
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is an indicator of the amount of aluminium involved in the reaction. Based on the ratio between 
the two steps for the sample discussed in section 4.4.2 (1.5 µm and 2.5 µm) we can estimate that 
the steps in sample 2 measure 2.8 µm and 4.7 µm, giving a total height of 7.52 µm for the PAA 
membrane. Therefore the volume of PAA obtained during anodization of sample 2 is estimated as 
6.48x10-4 cm3. Using the weight experimentally measured the density of the PAA layer is 2.5±0.2 
gcm-3, which is in the range of the literature values and close to the value reported by Lee et 
al.[26], but much lower than the general value for crystalline aluminium oxide. The fact that the 
material constituting PAA cannot be considered crystalline aluminium oxide will be particular 
relevant in chapter 7 when building a model for fitting ellipsometrical data. 
 In conclusion “weighing” is the only technique which takes into account the real 
efficiency of the anodizing process. In fact, also during the analysis of the current, it was not 
considered that part of the aluminium (40% according to literature [7, 9]) does not interact with 
oxygen ions and it is ejected into solution. Therefore, to some extent, the difference in aluminium 
oxide weight and volume between contact profiler and analysis of the current, and weighting can 
be attributed to current efficiency. The efficiency calculated is ~70%, which is higher than the 
value suggested in literature for anodization in sulphuric acid but agrees with the value suggested 
by Li et al. [1]. However, anodization efficiency depends on the electrolyte used and the lowest 
efficiency is attributed to sulphuric acid [8], making a value of 70% for oxalic acid possible. 
 
4.3.4    SIMS analysis: composition along the pores 
 
The 15° cut on the PAA membrane was imaged using SEM, however, the sample was not 
previously coated with chromium as it has to be subsequently analysed with the SIMS. The 
absence of a conductive coating affected the quality and contrast of the images. Nevertheless the 
thin platinum layer deposited to protect the edge of the sample during the FIB cut was thick 
enough to avoid burning of the sample.  
Fig.4.9 shows a top view surface of the porous sample.  
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Fig. 4.9: SEM image of the porous top surface: although the sample was not etched, small pores are still 
visible.  
 
As can be seen the surface presents visible partially closed pores, as no pore opening was 
performed after anodization. Fig.4.10 shows a panoramic view of the cuts and deposition. 
 
 
 
 
 
 
 
 
Fig. 4.10: SEM image of the FIB cuts; labels identify the different cuts, material and sections of the 
sample. 
 
Porous alumina top view 
Pt 
Vertical FIB cut 
15° FIB cut 
Porous alumina cut at 15° 
Aluminium 
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Fig. 4.11 reports a sequence of images taken with the same magnification (a,b,c and d) 
along the ramp starting from the top surface and proceeding towards the aluminium substrate.   
 
 
              a)                                                                     b) 
 
                                    c)                                                                      d) 
Fig. 4.11: SEM images of the pores on the ramp: the images are taken starting from the highest part of the slope (a) 
and progressively coming down until the pore base (d). 
 
The first image (Fig. 4.11 a) shows the pore top view without any etching. The pores look 
small, as in Fig.4.9 and have an oval shape. Following the slope downwards the other images 
(from b to d) were taken. The pores are more defined and circular in these images until they 
become shallow (Fig. 4.11 d) and disappear as the cut reaches the aluminium substrate. Even if 
the images show evident charging and distortions, they provide evidence that the ramp was able 
to cut the PAA membrane and to increase the area to be analyzed.  
Finally the sample was analysed using SIMS. The ramp was scanned using the primary ion 
beam mapping the concentration of OH- and O2- ions along the pore axis. Fig.4.12 shows the map 
resulting from the subtraction of the map of OH- concentration from the map of O2- 
concentration.  
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Fig. 4.12: map of the ramp showing the count subtraction of O-OH. The area (row by column) is 
10 µmx10 µm. 
 
Apart from some spikes due to noise or erroneous measurement it is not possible to spot 
any general trend (Fig. 4.12). The expected graph should have a slope with a higher count at the 
pore top, where Al(OH)3 seals the pores. Then the counts should decreases towards the pore 
base. A step graph instead of a slope was acceptable as well. The actual graph does not show any 
of the expected features. As a consequence the PAA membrane has to be considered as a mixture 
between aluminium oxide and aluminium hydroxide in its whole thickness. The presence of both 
materials affects the optical properties of the membrane and it is crucial in ellipsometric models 
as no crystalline aluminium oxide refractive index from database can be considered acceptable. 
PAA membranes’ refractive index will be calculated considering the thickness of the layer and its 
interaction with light. From the resulting effective refractive index and the measurements of pore 
diameter and interpore distance the refractive index of the porous material forming the 
membrane can be calculate (see Chapter 7). 
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4.4  Conclusion 
 
All the experiments described in this chapter were designed to gather information on 
pore propagation, in particular the effect of a discontinuous voltage on the porous structure, the 
use of profilometry to measure PAA thickness and current efficiency and the application of SIMS 
to determine the ratio of aluminium hydroxide/oxide along the pore axis. 
PAA membranes do not show any effect on their structure as anodization is interrupted 
which implies that anodization can be performed discontinuously without modifying the final 
porous structure. As a consequence PAA membrane can be anodized with different electrolytes 
and/or voltage levels in different steps without that one step influences the following one. 
The use of optic profilometry on PAA membranes looked promising but the unknown incident 
angle of the light does not allow a proper calculation of the optical properties of the porous 
structure. In order to complete this analysis we should use more precise optical devices such as 
ellipsometry (Chapter 7) and UV-Vis spectrometer. 
Contact profilometry, weighting and analysis of the current were used to obtain current 
efficiency for anodization and a possible value of density for PAA membranes. The current 
efficiency for anodization in oxalic acid results 70%, whereas the density of the membrane results 
2.4 gcm-3, lower than the value of crystalline aluminium oxide (4 gcm-3) but consistent with 
density values proposed in literature for amorphous aluminium oxide. 
From preliminary results FIB and SIMS were able to display a map of the concentration of OH- 
and O2- along the pore profile using a 15° cut in the PAA membrane. However, the final analysis 
(Fig. 4.12) did not give any useful information about oxide/hydroxide composition. The analysis 
composition cannot be repeated on the same ramp since SIMS is a destructive technique. 
Nevertheless this approach is definitely worth further investigation maybe detecting a less 
common ion.  
 
4.5  Future work 
 
The use of oxygen-18 (18O) or deuterium (2H) in the electrolyte during anodization would lead 
to an oxide with 18O or 2H in it. When the SIMS is used to scan the ramp of this modified oxide all 
the 18O or 2H detected will come from the PAA membrane resulting in a more reliable composition 
map. Oxalic acid prepared using 18O or 2H can also be added to the normal electrolyte at different 
stages during anodization. The presence of modified oxide or hydroxide in specific area along the 
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pore axis could be used to establish whether the growth speed of the membrane is constant or 
not during anodization.  
Impedance spectroscopy was also tried on PAA membrane during anodization at 40 V (See 
Appendix A). However, the equipment used (IVIUMstat) was a prototype available for a limited 
period of time. During anodization two impedance spectra were measured at different stages 
during pore propagation in order to see the changes in the curve for pores of different lengths 
with the same barrier layer. Results look promising but they were not analysed further because of 
the limited number of data available.  
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Chapter 5:  PAA membranes for 
electrodeposition 
 
 PAA membranes are widely used as template for electrodeposition of conductive material 
nanostructures [1-4]. The majority of such work has been performed on commercial freestanding 
membrane with a metal layer evaporated or sputtered on one side. Their honeycomb pore 
distribution has attracted much attention during the past two decades because it naturally 
develops on an aluminium substrate anodized under a specific combination of voltage, 
temperature and electrolytes [5-6].  
This chapter concerns the anodization of PAA membranes for electrodeposition of 
conductive material in order to prepare nanorods, nanowires or nanotubes. The main advantages 
of using tailored made PAA membranes instead of commercial membranes are (i) the control over 
their pore diameter and interpore distance and (ii) an opportunity to develop processing routes 
for commercial production of nanorods. Metal ions to be deposited diffuse into the pores where 
the potential makes electrodeposition on the aluminium substrate possible. However, the barrier 
layer, normally present between the pore base and the aluminium foil, has to be removed in 
order to allow controlled electrodeposition as it represents an important resistance which can 
control the pore filling. 
This chapter presents a study of barrier layer removal and nickel electrodeposition and it 
is intended as a background work for electrodeposition of platinum which will be performed in 
Chapter 6. Platinum electrodeposition was used to enhance the contrast between pores and 
aluminium oxide/hydroxide matrix in periodic anodized PAA membranes and to show the changes 
in the porous structure which are crucial to control the reflectance of the membranes.   
  
5.1  Background theory 
 
Two separated but correlated processes are described in the following sections: barrier 
layer removal and electrodeposition. As mention in the introduction of this chapter the 
aluminium oxide barrier layer removal is a necessary step in order to use the PAA as a template 
for electrodeposition; the removal has to be performed after anodization but before the 
electrodeposition itself. Hence, barrier layer removal and electrodeposition were studied 
separately.  
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5.1.1    Barrier layer removal 
 
Custom made PAA membranes resulting from anodization of aluminium foil under specific 
conditions [7-8] are composed of pores a few micrometers long which are still attached to the 
aluminium substrate. However, between the pore base and the aluminium there is a thin 
insulating barrier layer (
bd ) made of aluminium oxide. Impedance measurements [9] are 
reported to indicate that the layer thickness is proportional to the anodizing potential  
Vdb  3.1    [nm].         [eq. 5.1] 
The barrier layer is problematic for any ensuing electrodeposition for two reasons. First 
the barrier layer does not behave like a pure capacitor but is not conductive either hence it is 
considered a resistive hindrance in the circuit [9]. Second, its thickness is not homogeneous, 
hence the deposition may occur preferentially in the pores with a thinner barrier layer.  
Several removal techniques have been studied. Cathodic polarization and etching [10], 
both of which are occasionally used, reduce the barrier layer at the pore base, but they also 
increase the diameter of the pores. Another classical technique adopted by many authors [11-12] 
is the progressive reduction of the voltage after constant voltage anodization, during which two 
opposing chemical reactions occur at the bottom of each pore: aluminium oxide growth and 
aluminium oxide dissolution. Most authors agree that both reactions are influenced by the 
electric field [13-15]. After every decrease in the voltage there is a shift in the rate of the two 
reactions with a consequent thinning of the barrier layer [16]; after a few seconds equilibrium is 
re-established. An alternative explanation considers the change in the concentration of 
aluminium and oxygen vacancies [9]. Sulka et al. interpreted the impedance results at low current 
density claiming that the annihilation rate of negatively charged aluminium vacancies exceeds the 
formation of positively charge oxygen vacancies at the oxide/substrate interface so that 
aluminium ions can adsorb on the oxide membrane.  
A number of studies have analysed the porous structure of the alumina template without 
reporting any irregularity in the structure introduced by the decrease in the voltage. [17-18] 
However, literature reports that a decrease in voltage can have an effect on branching [12, 19] 
because of the relationship between voltage and interpore distance ( iporeD ) [20] 
VDipore             [eq. 5.2] 
where   is an experimental constant and these branches are likely to inhibit a homogenous 
deposition in the pores. In this thesis different voltage profiles for barrier layer removal have been 
studied to assess the optimal for producing a PAA membrane for electrodeposition. 
133 
 
5.1.2    Electrodeposition 
 
Electrodeposition is theoretically an easy method to deposit material in the alumina 
porous substrate. The material to deposit is dissolved as ions into the electrolyte and when a 
potential is applied it reacts on the electrode surface depositing as solid. The amount of material 
deposited (w ) can be calculated using Faraday’s law which relates w  to its electrochemical 
equivalent weight ( z ) and the amount of charges ( tI  ) passed during the electrodeposition 
reaction [21] 
tIzw  .          [eq. 5.3] 
 The material to deposit is usually in solution as ions with a positive or a negative charge 
and a pH close to neutral is preferable to avoid interaction with the alumina substrate [22]. When 
using a PAA membrane grown on an aluminium substrate the aluminium substrate still attached 
to the membrane after anodization can be used as working electrode provided the barrier layer is 
removed. When using a commercial PAA membrane gold or silver is sputtered on one end of the 
porous structure which is going to be used as working electrode [23]. To complete the electrolytic 
cell another conductive material, such as steel or platinum or the same metal that is going to be 
deposited, is chosen to be the counter electrode [24]. From a power supply a voltage is applied to 
the cell and current starts flowing from one electrode to the generally negatively charged working 
electrode. Fig. 5.1 shows schematically the process of electrodeposition.  
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Fig. 5.1: schematic summary of the stages necessary for the electrodeposition: (a) starting with a PAA 
membrane, (b) the barrier layer is first electrochemically removed and the electrodeposition solution is 
poured in the pores; (c) then an electric field is applied (d) driving to the deposition of the ions in the 
pore.  
 
The whole electrodeposition process is divided into three general steps: first hydrated 
metal ions rearrange close to the working electrode surface, then metal ions are adsorbed and 
reduced, and at the end the absorbed metal atoms become part of the lattice. [25] The 
absorption of metal ions can follow two different mechanisms. [21] In the “step-edge ion-transfer 
mechanism” ions are absorbed on a step edge or a kink site, hence there is a strong bond to the 
substrate lattice since the beginning as electrochemical activity is higher at step edge. In the 
“terrace ion-transfer mechanism” ions are absorbed randomly on the surface and they diffuse 
until a kink site; in this second case the bond to the substrate lattice is much weaker at the 
beginning. Fig.5.2 compares the “step-edge ion-transfer mechanism” (a) and the “terrace ion-
transfer mechanism” (b).[21] 
Barrier layer 
removal
Electric field
Deposition
PAA
aluminium
a) b)
c)d)
metal 
ions
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a)        b)  
Fig. 5.2: schematic representation of the absorption mechanism of a metal on a surface: (a) “step-edge 
ion-transfer mechanism” and (b) “terrace ion-transfer mechanism”. [21] 
 
Constant current density or constant voltage are generally used to electrodeposit ions 
into the PAA membranes; however, pulse electrodeposition (PED) can also be employed [26]. In 
this technique short pulses are followed by a delay time to allow the ion distribution to recover 
the homogenous initial value. A pulse of opposite sign could be applied to discharge the capacity 
of the barrier layer [22].  
Electrodeposition does not present any limit with regard the type of conducting material 
that forms the nanostructures. Multisegmented nanorods (Fig. 5.3) can be obtained using the 
same PAA membrane but changing electrolyte, time and current during the electrodeposition 
[27].  
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Fig. 5.3: schematic summary of the stages necessary for a multisegmented electrodeposition: (a and b) 
after barrier layer removal, different solution are used during electrodeposition (c). The results are 
multisegmented nanostructures in the pores (d) which can be released after dissolution of the template 
(e). 
 
Although the mechanism of the procedure is straightforward, the major problem with this 
technique in practice is the critical influence of the electric field distribution on the outcome of 
the process. Since the electric field is the driving force for the deposition of ions, a non 
homogenous distribution leads to a preferential growth of certain nanorods or, in the worst case, 
to the failure of the method. In fact the current tends to concentrate at some points of the 
substrate which have a lower value of resistance. As a consequence ions are more likely to 
deposit in these zones resulting in an inhomogeneous deposition. In commercial PAA membranes 
electric resistance can arise from poor electrical contact between the porous structure and the 
Ag/Au sputtered layer, whereas in custom made PAA membranes the barrier layer at the pore 
base is generally responsible for an inhomogeneous deposition. Fig. 5.4 shows a schematic of the 
equivalent electric circuit during deposition. Sauer et al. [22] attributes the instability of the 
deposition to the different thickness of the thin barrier layer at the bottom of the pores.  
Barrier layer 
removal
Deposition mat. 1
Deposition mat. 2
Template dissolution
a) b)
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d)e)
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Fig. 5.4: equivalent electric circuit during electrodeposition. [22] 
 
According to the same authors another reason for the instability is the higher value of 
conductivity of the metal than that of the electrolyte; as a consequence the electric field 
distribution is extremely sensitive to the different length of the nanorods. In order to overcome 
this problem one of the first attempts suggested was to detach the alumina from the aluminium 
substrate and then to cover the template with a sputtered layer of conductive material [28-29]. 
However, some studies demonstrate that the complete absence of the barrier layer at the pore 
bottom is enough to allow the deposition directly on the aluminium substrate [3, 11]. 
 
5.1.3 Nickel Electrodeposition 
 
Nickel is one of the metals widely used in electrodeposition with an extensive body of 
literature particularly about its deposition in PAA and in other porous membrane [2-3, 24, 30-31] 
which makes it an ideal example metal to optimize an electrodeposition procedure in porous 
structure before moving to more expensive metal such as platinum. A Watt’s bath is the general 
name used to indicate a nickel electrolyte solution for electrodeposition. Table 5.1 shows the 
classical composition of a Watts bath [21].  
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Table 5.1: composition of a classical Watt’s bath (electrolyte for nickel electrodeposition). 
Watt's bath composition 
components quantity [g/L] 
NiSO4 30 
NiCl2 38 
H3BO3 25 
Na2SO4 180 
 
Boric acid (H3BO3) and sodium sulphate (Na2SO4) are used to stabilize the pH of the 
solution and to increase its throwing power [32] respectively.  The throwing power is the property 
of an electrolyte to give raise to uniform metal deposition, so it is of crucial importance in pore 
filling. With respect to nickel the throwing power increases when the electrolyte conductivity and 
the cathodic polarization increase [33]. A Watt’s bath can have also different compositions from 
Table 5.1 depending on the applications of the nickel deposited, for example, when used for 
optical applications or protective coatings. In all cases when using a Watt’s bath it is important to 
keep a vigorous stirring of the solution during the deposition process [34].  
During nickel electrodeposition several electrochemical reactions take place at the 
working electrode (PAA membrane/aluminium foil) and at the counter electrode depending on 
the voltage applied during deposition. Among anodic reactions there are oxygen evolution, 
chloride oxidation and hydroxide formation [34]. The cathodic reactions are particularly important 
since they influence the efficiency of the electrochemical reaction and the final electrodeposition. 
Two main reactions usually take place on the working electrode surface: nickel deposition and 
hydrogen evolution. The overpotential (see Chapter 1) of hydrogen can be as high as 1 V 
depending on the substrate while the overpotential of nickel on nickel substrate is -0.25 V [35]. 
Hydrogen evolution should be avoided during any electrodeposition as in PAA as it generates 
voids and causes embrittlement.  
Nickel can be deposited using DC, AC or pulsed electrodeposition (PED). However, each of 
this technique has disadvantages. As DC accelerates preferential growth in some pores, it gives 
unstable results and irregular pore filling, causing other cathodic side reactions [2]. AC is a simple 
technique but under high potential the evolution of hydrogen is inevitable [36] and the barrier 
layer can increase during the anodic part of the signal [24]. PED is a promising technique in that it 
avoids hydrogen evolution [35] and allows discharge of the capacitance of the barrier if a brief 
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positive signal is used [2]. However, it does not allow a complete control of the amount of 
material deposited. 
Galvanostatic nickel deposition can also be used. The current density is chosen depending 
on the material and electrolyte; for example 10 mAcm-2 is the value suggested to achieve silver 
nanorods [11], while 2 mAcm-2 is reported for nickel nanorods [3]. Higher current density can be 
used as well for nickel [25] since it allows the deposition time to be reduced. Long 
electrodeposition time should be avoided in aqueous electrolyte since hydration of alumina can 
seal the pores [31]. On the one hand galvanostatic deposition allows a precise control of the 
amount of material deposited according to Faraday’s law (eq. 5.3), but on the other end the 
potential can rise to the hydrogen evolution range. 
Contrasting results have been found on the development of nanostructures inside the 
PAA. While Nielsch et al. [2] report a vertical development of nanowires from the bottom of the 
pores to the top, Zhou et al. [3] assert that nanorods develop from the middle of the pores 
explaining that pore walls can be so thin after chemical etching than tunnelling is possible. 
Growth of nanotubes is considered unfeasible even using high current density if the pore 
diameter is smaller than a certain size as layer by layer growth is assisted by narrow pores [37]. 
 
5.1.4    Zinc immersion plating 
 
Electrodeposition is not the only method to deposit a metal over a conductive substrate. 
Immersion metal plating and electroless metal plating are two processes which do not require any 
voltage or current. During immersion metal plating metal M1 displaces metal M2  
21122112
12 MzMzMzMz
zz 

        [eq. 5.4] 
with the anodic dissolution of the more electronegative metal [38]. When aluminium is immersed 
into a zinc solution, aluminium is dissolved while zinc is deposited [39]. The process can be 
kinetically controlled or diffusion controlled or mixed resulting in different zinc morphologies. For 
high concentration of the metal dissolved in the electrolyte the plating is kinetically controlled 
and the activation energy of the reaction is the key factor. By contrast in low concentration 
electrolyte the plating is diffusion controlled, therefore the zincate ion concentration at the 
surface is the determining step. 
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5.2  Experimental 
 
The experimental section is divided into two parts describing the procedures followed for barrier 
layer removal and nickel electrodeposition. Both procedures can be generalized to 
electrodeposition of different metals than nickel. Therefore Chapter 6 deals only briefly with 
procedure and composition of electrolyte for platinum electrodeposition given the validity of the 
general procedure described in the present chapter.  
   
5.2.1    Barrier layer removal 
 
In order to develop an electrochemical procedure to remove the barrier layer at the pore 
base in PAA membrane for electrodeposition, two groups of 10 samples were compared. Both 
groups were first anodized at a constant voltage and then the voltage was reduced stepwise along 
an exponential curve for one group and along a linear curve for the other. The two groups were 
then compared in order to investigate the influence of the linear and the exponential potential 
decay on the regularity of the porous structure.  
At the start all the samples, 99.99% pure Al, Alfa Aesar, 0.25 mm thick cut into pieces 
2 cmx2 cm, were degreased in a solution of 3M NaOH for 20 seconds, after which they were 
washed with deionised water and dried. The samples were then electropolished in a solution of 
1:4 70% HClO4 and 99.7% ethanol for 15 minutes by applying a voltage of 20 V, washed with 
deionised water and dried. At that point the samples were divided into two groups. The first 
group was anodized for one hour at 40 V using a solution of 0.3 M oxalic acid, then the voltage 
was reduced by 2 V every minute until a value of 2 V was reached. The second group was 
anodized for one hour at 40 V using a solution of 0.3 M oxalic acid, then the voltage was reduced 
stepwise along an exponential curve for 20 minutes until the value of 2 V was reached. Overall, 
both procedures (Fig. 5.5) took an equal amount of time to reach the same final value of the 
voltage, i.e. 2 V. 
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Fig. 5.5: graph showing the two different procedures to thin the barrier layer at the pore base: the linear 
decrease in the voltage (2 Vmin
-1
) is represented by the red line; the exponential decrease in the voltage 
is represented by the black line. 
 
The fluctuations of the current were recorded. After anodization all the samples were 
immersed in a solution of 5% H3PO4 for 40 minutes in order to etch the top layer of the substrate, 
which seals the pores at the end of the anodization (see Chapter 4). This last process was 
necessary to achieve a top view of the substrate which mirrored its cross section. The two groups 
of samples were next prepared for SEM analysis. Since alumina is a nonconductive material, all 
the samples were coated (see Chapter 2) and at least 3 SEM images of the cross section were 
taken for each sample at different locations in purposely introduced cracks giving a total of 47 
images examined for the exponential decrease samples and 68 for the linear decrease samples. 
The ratio between the number of branches and the total number of completed visible pores was 
reported for each image. No special criteria were taken into consideration when selecting the 
location for the cross section. Only clear and complete pore cross sections were considered 
reliable. Partial pore images or pores on different planes were excluded from the statistical 
analysis. No software was used to count the branches because there was no threshold parameter 
able to distinguish between pores which are branched and pores on different planes which only 
appear to be branched due to nonlinearity in substrate cracks. The choice of not using software 
increases the possibility of operator error on the result but it also increases the probability of a 
correct identification of the branches. The large number of images examined reduces the 
influence of operator error on the final result. 
 
time [s] 
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5.2.2    Nickel electrodeposition 
 
Each 2 cmx2 cm pure aluminium (99.99% pure Al, Alfa Aesar, 0.25 mm thick) sample was first 
pickled in 3 NaOH for 20 sec (see Chapter 2) before being electropolished (1:4 HClO4 :  C2H6O, 20 V 
for 15 min). Electropolished samples were then washed with deionised water and dried. 
Anodization was performed in a two electrode cell using 0.3 M C2H2O4 at a constant voltage of 40 
V for 1 hour followed by stepwise decrease in the voltage along an exponential curve until 2 V was 
reached in 20 minutes. As previously mentioned the final PAA membrane after anodization 
resulted partially sealed on the top. Therefore it needed to be etched in 5% H3PO4.  On the basis 
of preliminary experiments the following etching time were considered optimal: 
- 60 minutes for PAA to be directly used for nickel electrodeposition 
- 40 minutes for PAA to be firstly electroless plated with zinc and only secondly used for 
nickel electrodeposition. As in the zinc immersing plating process aluminium atoms are 
substituted with zinc atoms, the PAA membrane is etched further resulting in a structure 
similar to a 60 minutes etching.    
A group of custom made PAA membranes and electropolished aluminium substrates were 
directly used for galvanostatic and potentiostatic electrodeposition of nickel. During 
electrodeposition each PAA membrane was processed in the same Teflon cell used for 
anodization (described in Chapter 2). Electrodeposition was carried out using three electrodes: an 
Ag/AgCl reference electrode, a platinum electrode as counter electrode and the aluminium 
substrate attached to the PAA membrane as working electrode. The Watt’s bath composition 
mentioned in table 5.1 (in 5.1.3) was used as electrolyte. The solution was sonicated for 10 
minutes and heated at about 60°C before being used under vigorous stirring.  
Both galvanostatic and potentiostatic electrodeposition were first carried out on 
electropolished aluminium sample. Then both procedures where adapted to be applied on PAA 
membrane using the aluminium substrate as working electrode. During galvanostatic 
electrodeposition a current density of 2 mAcm-2 was applied using Autolab PG STAT 12. 
Considering a porosity of 10% in a 1 cm2 working electrode surface and a full ionization of nickel in 
solution, the deposition rate can be calculated as 
AFn
mI
D arate



          [eq. 5.5]
 
with I  the current, 
am  
the atomic mass, n  the oxidation state, F  the Faraday constant,   the 
density and A  the pore base area. A deposition time of 6 minutes was chosen aiming to obtained 
nanorods of 2.5 µm length.  
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During potentiostatic anodization deposition time remained 6 minutes but the procedure was 
divided into two parts: a short high voltage pulse (6 V or 5 V for 50 seconds), followed by low 
voltage deposition (1 V for 310 seconds). The initial high pulse is intended to work as an 
overpotential to start the deposition of nickel. 
 Another group of custom made PAA membranes were immersed in a zincate solution (SD-
zincate solution, Caswell Europe LLP, 1:2 dilution) for different times before being electroplated. 
The purpose of using Zn was to improve the pore filling during electrodeposition. Zinc is deposited 
first into the pores reducing further the barrier layer at the pore base. During nickel 
electrodeposition zinc is dissolved into the Watt’s bath due to the acidic pH (~3.4) of this solution 
and nickel is deposited instead. Only potentiostatic deposition (5 V for 50 seconds, 1 V for 310 
seconds) was performed on zincate samples. 
   
5.3  Results and discussion 
 
5.3.1    Barrier layer: analysis of the current 
 
Fig. 5.6 compares SEM top view images of a sample obtained by stepwise linear decrease 
(a) and a sample obtained by stepwise exponential decrease (b).     
 
 
a)          b) 
Fig. 5.6: SEM images of the top view of samples after a thinning process obtain with (a) a stepwise linear 
decrease and (b) a stepwise exponential decrease. 
 
Both groups of PAA membranes show the same pore distribution (Fig. 5.6). The fact that in the 
first stage the voltage has a constant value of 40 V for both procedures suggests that the pore 
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distribution is decided in this first part of the anodization (as we have already discussed in Chapter 
3). Cross-sectional images of a porous template attached to its aluminium substrate are difficult 
to achieve. Whereas the alumina membrane is brittle, the aluminium substrate is ductile and 
cannot be snapped. Bending of the substrate introduces cracks in the template, but a 90 degree 
image is extremely difficult to obtain. Fig. 5.7 shows the cross-section images resulting from views 
of the pores in the cracks introduced in cutting. Since the angle of each crack is unknown they 
cannot be used for measurement; however, they are more than adequate to collect information 
about branches in the structure. Since the cracks do not follow a linear path in the template not 
all the pores are on the same plane. Hence some branches may be only apparent rather than real, 
due to the fact that pores on different planes may only appear branched due to nonlinearity in 
substrate cracks. In order to avoid counting errors, pores with ambiguous branches were not 
taken into consideration in the statistical analysis. An accurate prior estimation of the real 
branches is sufficient to solve this problem. Fig. 5.7 compares cross sections for a sample 
subjected to a stepwise linear decrease of the voltage (a) and a sample subjected to a stepwise 
exponential decrease (b).  
 
 
a)        b) 
Fig. 5.7: SEM images of the cross section of two samples, one from each set: a) sample obtained with a 
linear decrease in the voltage; b) sample obtained with an exponential decrease in the voltage. 
 
In Fig. 5.7 a) branches are evident and random distributed along the pore main axis. In Fig. 
5.7 b) no branches were counted on a total of 10 pores. The final statistical result indicates that 
8±3 % of the pores contain branches in the samples achieved with a stepwise exponential 
decrease of the voltage and 25±7 % of pores contain branches in the samples achieved with a 
stepwise linear decrease of the voltage.  
In order to explain this difference in the statistical values, the fluctuation of the current 
during the two sets of experiments was compared. When the voltage level is maintained constant 
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at 40 V the general trend of the two curves are in good agreement with the curve proposed by 
Parkhutik and Shershulsky [40]. Fig. 5.8 shows the trend of the current during a stepwise linear 
decrease (a) and a stepwise exponential decrease (b) in the voltage respectively. During the 
stepwise linear decrease each value of the voltage was maintained for 60 seconds [11], whereas 
in the stepwise exponential decrease each value was maintained for 20 seconds.  
 
a)              b)   
Fig. 5.8: trend of the current during the (a) linear and (b) exponential decrease in the voltage. The current 
does not have the time to reach a stable value after each step. 
 
In the linear decrease the time between steps was long enough to let the current reach a 
stable value (Fig. 5.8 a); in the exponential decrease, the potential is reduced as soon as the 
current reaches a stable value (Fig. 5.8 b). A stable current implies equilibrium between the two 
competitive reactions of etching and growing of aluminium oxide (see chapter 4). At any 
particular voltage the porous structures tries to reach a stable configuration with regard to 
interpore distance, according to equation 5.2. The longer a voltage is maintained, the higher the 
probability that the structure will develop branches to achieve the correct interpore distance. [41]  
Other authors have observed an improvement in the pore structures, with a stepwise 
voltage decrease that approximates the exponential curve we have employed [42]. However, the 
branches noticed in the sample subjected to a linear decrease were not mostly located at the 
base of the pores, in fact they developed along the whole pore length. This unexpected 
observation suggests that when the electric field is reduced the etching process may occur at 
location other than the pore base. As a consequence every defect along the pore axis can become 
an initial point for branching. 
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5.3.2 Nickel deposition 
 
Some preliminary experiments were performed on electropolished aluminium 
preanodization in order to understand how a thin layer of nickel will deposit on aluminium 
without the influence of PAA. Fig 5.9 shows images at increasing magnification (a, b, c and d) of an 
electropolished aluminium surface with nickel deposited at 2 mAcm-2 for 6 minutes.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a)        b) 
 
c)        d) 
Fig. 5.9: SEM images of an electropolished aluminium substrate after galvanostatic nickel deposition 
at 2 mAcm
-2
 for 6 minutes (different areas, magnitudes increasing a, b, c and d).  
 
The wide angle image in Fig. 5.9 a) shows an inhomogeneous distribution of the nickel 
with bright and dark area. Fig. 5.9 b) shows an area with high nickel concentration at higher 
magnification; by contrast Fig. 5.9 c) underlines the border between a zone with nickel deposition 
and a zone with no visible deposition. Fig. 5.9 d), with the highest magnification, displays nickel 
aggregates with several sizes on the same substrate.     
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The same galvanostatic deposition was then tested on PAA membrane. Fig. 5.10 shows an 
example of SEM images of the PAA membrane resulting from nickel galvanostatic deposition. 
 
  
Fig. 5.10: SEM images of nickel nanorods (red circles) grown in PAA membranes under galvanostatic 
electrodeposition (2 mAcm
-2
 for 6 minutes). 
 
The cracks in the sample are introduced with the purpose of having an insight of the 
structure since the deposition time is too short for the nanorods to reach the PAA top surface. As 
can be seen in Fig. 5.10, the red circles show the presence of nanorods in the PAA membrane. 
Even if the cracks are randomly orientated and a precise calculation of the nanorods length 
cannot be made, Fig. 5.11 shows a rough estimation of the length of a nanorod based on the 
known thickness of the whole PAA membrane. 
 
 
Fig. 5.11: estimation of nanorods length based on the known total thickness of the PAA membrane. A 
more accurate measurement is not possible since the SEM image is taken in a crack randomly introduced 
in the alumina membrane.   
 
~2 µm 
~6 µm 
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Although the measurement is only estimated from an SEM image of a random crack in the 
sample the value obtained is surprisingly close to the value calculated from Faraday’s law, 2.5 µm. 
Fig. 5.12 shows pits and cracks in which there is, according to EDS, a high concentration of nickel 
electrodeposited. The cracks are believed to be departing from circular features of PAA detached 
during the process which could be a sign of hydrogen evolution.  
 
 
a)         b) 
Fig. 5.12: SEM images showing examples of hydrogen evolution in PAA membrane as a consequence of 
galvanostatic anodization. The cracks introduced by the gas evolution are preferential site for nickel 
deposition. 
 
Hydrogen development cracks the PAA membrane revealing the aluminium substrate 
underneath and nickel tends to deposit in these areas.  The graph in Fig. 5.13 shows the trend of 
the voltage during 6 minutes galvanostatic deposition. The negative sign of voltage is connected 
to the direction in which the current is flowing. 
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Fig. 5.13: graph showing the trend of the voltage versus time for nickel galvanostatic deposition in a PAA 
membrane (2 mAcm
-2
 for 6 minutes, Ag/AgCl as reference electrode). The noise in the signal between 150 
and 300 seconds is attributed to hydrogen evolution. 
 
The voltage starts from a value of 6 V decreasing progressively until an intermediate 
stable value of 3 V. At this value after 150 seconds the noise increases until the voltage drop to 
1 V where it stabilizes for the remaining time. The instabilities in the voltage values between 150 
and 300 seconds could reasonably be attributed to hydrogen development and cracks nucleation.  
Galvanostatic deposition does not allow a fixed voltage to be applied between the 
working electrode and the counter electrode, hence the overpotential can be sufficiently high for 
other reactions to occur; for example development of hydrogen is a reaction likely to happen. 
Therefore a possible option to avoid hydrogen cracking is to use potentiostatic deposition instead 
of galvanostatic deposition. However, the length of the deposited nanostructures cannot be 
precisely controlled or calculated in advance since the electric charge involved in the 
electrodeposition reaction depends on the resistance in the circuit which differs in each PAA 
samples.    
Potentiostatic deposition was first tried on electropolished aluminium before anodization, 
as previously done with galvanostatic deposition. Fig. 5.14 gathers SEM images of the resulting 
plated aluminium. Magnification increases following a, b, c and d. 
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          a)               b) 
   
         c)              d) 
Fig. 5.14: SEM images of an electropolished aluminium substrate after potentiostatic nickel deposition: 6-
5 V for 50 s, then 1V for 310 s (different areas, magnitude increases a, b, c and d). 
 
Fig. 5.14 a) shows a quite thick layer of nickel covering most of the aluminium substrate. 
However, no comparison can be made between this image and Fig. 5.9 a) as the charge involved 
in the potentiostatic deposition is about 6 times higher, so a thicker layer is expected. Although at 
low magnitude the nickel layer looks compact, Fig. 5.14 b) proves that some areas do not present 
visible nickel deposition, while Fig. 5.14 c) shows the continuity of the nickel aggregate in the 
deposited area. Fig. 5.14 d) confirms the presence of big and small aggregate as we have already 
found using galvanostatic deposition.  
Potentiostatic deposition (6V for 40 sec, 1V for 320 sec) was then applied to PAA 
membranes anodized according to the same procedure used for PAA membranes subjected to 
galvanostatic deposition. Fig. 5.15 shows the trend of the current during potentiostatic nickel 
deposition. 
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Fig. 5.15: graph showing the trend of the current density versus time for nickel potentiostatic deposition 
in a PAA membrane (6 V for 40 s, 1 V for 320 s). The current density is calculated for an area of 0.1 cm
2
. 
The current recorded is negligible.  
 
As can be see, the current recorded during the electrodeposition is negligible. Fig. 5.16 shows 
SEM images of the PAA membrane after nickel deposition. 
 
   
          a)               b) 
Fig. 5.16: SEM images of a PAA membrane after potentiostatic nickel deposition: 6 V for 40 seconds, then 
1V for 320 seconds: a) top view and, b), cross section of the PAA membrane. 
 
Fig. 5.16 a) shows a top view of the PAA membrane with some particles of nickel on the surface, 
almost negligible when compared to Fig. 5.14 a) even if the deposition time and voltage values 
are the same. Fig. 5.16 b) shows the cross section of the PAA membrane. No nickel 
nanostructures are visible in the pores.  
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 In conclusion the procedure used to potentiostatic deposit nickel allows nickel deposition 
on electropolished aluminium but not in PAA membranes. The almost negligible value of the 
current during deposition in the PAA membrane (Fig. 5.15) suggests that an electric resistance is 
introduced in the equivalent circuit and it is attributed to the barrier layer at the pore base.    
 
5.4.3  Zinc immersion plating 
 
Potentiostatic deposition can solve the problem of hydrogen development but it does not 
allow simple determination of the length of the deposited nanostructure as galvanostatic 
deposition allows and no nickel deposition is seen in the PAA membrane after potentiostatic 
deposition. In addition both potentiostatic and galvanostatic electrodeposition do not appear to 
give a homogeneous nickel distribution in the pores. Therefore after 40 minutes pore etching the 
PAA membrane was immersed in a zincate solution (1:2 dilution) so that the barrier layer 
remaining at the pore base after the exponential decrease during anodization is substituted with 
zinc. Since zinc is a metal, no further resistance was introduced in the system. After zinc 
electroless deposition, Watt’s bath electrolyte was poured into the cell and nickel potentiostatic 
electrodeposition was performed (5 V for 30 seconds, 1 V for 310 seconds). Due to the acidic pH 
of the Watt’s bath zinc dissolved and nickel was deposited instead. At this point the PAA 
membrane is ready to be used as a template for galvanostatic deposition of other metals or 
conductive polymers and length of the nanostructures can be controlled. Nickel can be easily 
etched later, when the nanostructures are freed from the template.  
The optimal immersion time in zinc was found analysing the distribution of zinc 
electrolessly deposited on electropolished aluminium. Fig. 5.17 compares two immersion times: 
30 seconds (a) and 1 minute (b). 
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a)          b) 
Fig. 5.17: SEM images of electropolished aluminium substrate immerged in zinc solution (1:2 from 
concentrate) (a) for 30 seconds and (b) 1 minute.  
 
In Fig. 5.17 a) the aluminium surface after 30 seconds in the zinc solution shows small and 
big particles regularly and continuously distributed, while in Fig. 5.17 b) bigger aggregates are 
visible. Therefore 30 seconds was chosen as the optimal time for zinc immersion plating.  
Fig. 5.18 gathers results of PAA membrane immerged first in zinc for 30 seconds and then 
electroplated with nickel using a two steps voltage procedure 5 V for 50 seconds, then 1 V for 310 
seconds. 
 
   
Fig. 5.18: SEM images of nickel nanorods grown at the pore base. The PAA membrane was first immerged 
into the zinc solution for 30 seconds and then used as template for nickel potentiostatic 
electrodeposition. Nanorods are visible in almost every pore.  
 
As can be seen in Fig. 5.18, an improvement in nanorods distribution is evident since 
almost each pore has nickel deposited. However, the nanorods length is shorter than expected 
given that the amount of charge passed during the potentiostatic anodization should be more 
than enough to fill the pores. Fig. 5.19 shows nickel deposited on the top of the PAA membrane. 
 
Ni 
Ni 
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Fig. 5.19: SEM images of PAA membrane top view after nickel potentiostatic deposition. Nickel is clearly 
visible on the top of the membrane after filling some of the pores.  
 
Fig.5.18 and 5.19 suggests that nickel nanorods nucleation starts homogeneously in almost every 
pore but then in some pore the growth is faster. Therefore nickel deposits preferentially in some 
pores getting to overfilling, whereas in the rest of the pores the growth is slow resulting in shorter 
nanorods. The problem is not the homogeneous nucleation of nanostructures but their 
development, hence the first hypothesis is some resistance in the electrolyte used, for instance a 
too high concentration of the Watts bath. However, the influence of electrolyte concentration on 
nickel electrodeposition was not investigated further as nickel was designed as “sacrificial metal”. 
Nickel nanorods potentiostatic deposited in the PAA membrane will be dissolved after 
galvanostatic deposition of other conductive materials. From this point of view an excess of nickel 
is considered less important than a preferential deposition in specific pores of the PAA 
membrane. 
  
5.4  Conclusion 
 
In this chapter SEM images of the top view of PAA membranes achieved using a linear and 
exponential decrease in the voltage were compared. The homogeneous distribution of the pores 
is consistent with that reported in previous works [43-44] and confirms the natural ability of 
aluminium to develop a porous membrane when it is anodized in a polyprotic acid. The statistical 
results are evidence of undeniable differences in the number of branches in the two sets of 
samples. The procedure presenting a stepwise linear decrease introduces a higher number of 
branches in the porous template. Surprisingly, although the decrease in the voltage should affect 
the barrier layer only at the pore base, the images show branches close to the surface as well. 
Therefore on potential change the pores nucleate along their whole length not only at the base. 
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We suggest that allowing the current to remain stable for a longer time could result in more 
places along the pore axis where chemical equilibrium between etching and growing of 
aluminium oxide can be achieved. Each of these places could be a potential starting point for a 
branch. However, there is not yet a method to study the exact field distribution or how these 
reactions interact with each other. Further investigations are necessary to determine whether 
branches are more influenced by the time taken for each step or by the value of the voltage at 
each step during the decrease. 
In addition, a preliminary conclusion can be drawn from nickel electrodeposition results. 
Potentiostatic deposition should be preferred to galvanostatic deposition since hydrogen 
development can be avoided. Nickel distribution in the porous template can be enhanced using 
zinc electroless deposition before nickel deposition. SEM images showing a diffuse presence of 
nanorods in PAA membranes immerged in a zinc solution pre-electroplating suggest that 
electroless deposition of zinc can be a valid method to increase the percentage of pores sites for 
nucleation.     
     
5.5  Future work 
  
The discussion about the role of zinc in nickel electrodeposition is not yet concluded. No 
others metals were deposited apart from nickel, therefore there is no extended proof of a real 
improvement in the pore filling using zinc in PAA membranes. In addition, although during 
potentiostatic deposition of nickel hydrogen evolution can be completely avoid using a lower 
potential, control on the amount of nickel that can be deposited in order to avoid complete filling 
of some pores is not possible. Further research should be carried out trying longer deposition 
time at lower potential.  
As previously mentioned both barrier layer removal and electrodeposition are going to be 
used to underline the periodic structure of pores cyclically anodized in Chapter 6. The changes in 
the geometrical parameter are considered crucial for the analysis of the reflectance spectra in 
Chapter 7 and the modification introduced in the optical properties of the membrane. In 
particular platinum is electrodeposited instead of nickel because of its higher contrast against the 
PAA membrane in SEM backscattered images. The use of zinc to improve platinum pore filling was 
not investigated. 
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Chapter 6: Modulated pore structures 
 
The present chapter summarizes how anodization parameters can be employed to 
modulate the porous diameter along the pore main axis in order to create PAA membranes with 
specific optical properties. Using the results presented in Chapter 3 and 4, anodization conditions 
were varied to obtained periodic structures. The chapter starts with a literature review 
summarizing the main anodizing procedures designed to modify the PAA geometrical parameters. 
The experimental part focuses on the influence of electrolyte and voltage on changing pore 
diameter and introducing branches in PAA membranes. The optical properties of the as-prepared 
PAA membranes with a periodic structure will be examined in Chapter 7.  
 
6.1  Influence of anodizing parameters on pore 
shape  
 
As already stated in Chapter 3 there is a well-known relation between pore geometrical 
parameters, such as pore diameter and interpore distance, and anodizing parameters such as 
electrolyte, voltage and temperature (see Table 3.1 reproduced below as Table 6.1). 
 
Table 6.1: typical condition of self-ordering mild anodization for sulphuric, oxalic and phosphoric acid and 
the corresponding geometrical parameters for the resulting PAA membranes. [1] 
    
  sulphuric acid oxalic acid phosphoric acid 
typical 
conditions 
Concentration 0.3 M 0.3 M 0.2 ~ 0.3  M 
Voltage 25 V 40 V 195 V 
Temperature 1 ~ 10 °C 1 ~ 5 °C 0 ~ 5 °C 
geometrical 
parameters 
pore growth rate 3 µmh-1 6 µmh-1 3 µmh-1 
initial pore diameter 20 nm 30 ~ 35 nm 100 nm 
interpore distance 50 ~ 65 nm 100 ~ 110 nm 405 ~ 500 nm 
 
According to literature three main parameters can be changed during anodization to modulate 
the pore structure: temperature, electrolyte and voltage/current.  
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6.1.2    Galvanostatic anodization 
 
 Current is a direct consequence of PAA nucleation and development as it results from 
electrochemical reactions of oxidation and etching occurring when a voltage is applied during 
anodization. Therefore, it is a natural consequence that modifications in the anodizing current 
affect the porous structure allowing control of pore shape. Losic et al. [2-3] combined 
galvanostatic anodization using a sawtooth profile with a final acidic pore opening in order to 
achieve 3D interconnected nanostructures. They combined the idea of pore profile modifications 
due to periodic changes in the current and preferential etching of aluminium oxide developed at 
higher values of voltage [4]. The difference between the lower and the higher values of the 
current used is broad (5 mAcm-2 and 100/300 mAcm-2) and related to the electrolyte employed, 
i.e. phosphoric acid. In the high current regime (100/300 mAcm-2) PAA membrane grows faster 
than at the low current regime. To obtain segments of similar length the highest value of the 
current was maintained for shorter time (0.2 seconds) than the lowest value (up to 2 minutes).  
 
6.1.2    Potentiostatic anodization 
  
 Potentiostatic anodization is the procedure mainly used to realize periodic porous 
structures. It was used in chapter 3 and 4 to study pore nucleation and development, and in 
chapter 5 to study the influence of voltage decrease on pore branching and barrier layer removal. 
Since the 70s [5] it has been known that a sudden decrease in voltage during anodization results 
in the formation of branches at the pore base; branches initially develop hemispherically and then 
preferentially in the direction of the field yielding a tree-like morphology. Uncontrolled and 
multiple branches can be easily obtained by simply halving the anodizing current in steps.[6] The 
actual challenge in this field is to control the number of branches or to change the interpore 
distance without incurring branches during potentiostatic anodization. As already mentioned in 
Chapter 1 there is a linear relationship between interpore distance ( iporeD ) and potential (V ) 
VDipore   .         [eq.6.1] 
The value of  was experimentally found to be 2.5 nm V-1 in mild anodization and 1.8-2 nm V-1 in 
hard anodization.[4] In contrast with mild anodization hard anodization is widely used in industry 
to obtain thick, hard and low pore density coating layer. In 2006 Lee et al. [7] obtained a long-
range ordered porous modulated structure in oxalic acid using a prepattern surface and 
alternating hard anodization (110-150 V) to mild anodization (40 V). In a later article [4] the same 
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group investigated the connection between branches and changes in the voltage during pulse 
anodization. In this second study prepatterning of the surface was not used before anodization. 
The resulting structure presented a noticeable and controllable change in pore diameter using 
sulphuric acid instead of oxalic acid as electrolyte, this was done as during mild anodization oxalic 
acid showed delays in current recovery. [4] The same pulsed anodizing procedure was later 
employed by Sulka et al. [8] but polymer nanopillars were used to sustain the structure developed 
in sulphuric acid owing to the lower mechanical strength of the PAA membrane developed. A 
mathematical relation between branches and potential was first mentioned by Li et al. [9] who 
designed Y-branched carbon nanotubes using Y-branched PAA membranes. The Y-branched 
structure was obtained by decreasing the voltage by a factor of 2/1 . Later it was 
experimentally generalized that reducing the voltage by a factor of n/1  (with 12,9,4,3n  and 
multiples) results in the formation of n  branches in the structure with pore merging or 
terminating due to a competitive growth determined by uneven barrier layer thickness. [10-11] It 
was suggested that the presence of branches is necessary to maintain the original porosity and 
the honeycomb arrangement when the voltage changes. [12] 
 Sulphuric acid, oxalic acid and phosphoric acid are all widely used electrolytes for PAA 
anodization.  Sulphuric acid is the most sensitive to change in the voltage: the difference between 
hard and mild anodization is only 10 V [13], while for oxalic acid a voltage change of more than 70 
V is required. However, sulphuric acid has a slower growth rate with small and elliptical pores, 
problematic for optical application. By contrast anodization using phosphoric acid required high 
values of the voltage with an increase in the risk of overheating and burns.  
Oxalic acid is the most stable electrolyte with an acceptable sensitivity to voltage changes. 
Therefore scientists have tried to use alternative method to pulse anodization to modify the pore 
diameter and change the optical properties of the structure. The general method consists in 
changing the voltage gradually (in a sinusoidal or linear way) where the intermediate values has to 
be 0.71 (that is 2/1 ) times the higher value, instead of pulsing the voltage between two values 
(VL and VH). [14] Reducing the voltage by a factor of 0.71 is necessary to fork the pores and change 
the optical properties of the material. [15] Fig. 6.1 a shows an example of a voltage profile used to 
obtained branched pores as in Fig. 6.1 b.  
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    a)                b) 
Fig. 6.1: a) example of the trend of the voltage against time during one period T. The voltage increases in 
a sinusoidal way from VL to VH in a time ta, then decreases in a linear way first to 0.71VH in a time tb, 
second to VL in a time tc; b) resulting porous structure.   
 
In an initial study the same voltage profile was used to anodize a series of PAA 
membranes and then each porous structure was etched for different time in order to enhance the 
pore diameter in layers developed at higher voltage and merge the branches. [16] However, the 
chemical pore opening affected the optical properties shifting the photonic band gaps towards 
blue frequency. [17] Therefore modification of anodizing time and voltage was considered 
necessary to change the porous structure. With regard to Fig.6.1, tb and tc were changed to 
increase or decrease the length of the main branch in the structure: the longer tc, the longer the 
branches.[17] The changes in the structure caused shifts in the transmission peak proving that 
optical properties of the system can be changed only acting on the anodizing voltage. All recent 
studies on cyclic anodization in oxalic acid are in form of letters or communications with no 
information about the anodizing current during periodic changes in the voltage. As the trend of 
the current is a mirror for the electrochemical reactions responsible for PAA modifications, no 
conclusions can be drawn by only looking at the voltage and the resulting PAA structure.       
 
6.1.3    Changes in temperature and electrolyte 
 
Only a limited number of studies investigated the use of temperature and electrolyte on 
pore structure modulation. Zheng et al. [18] investigated the role of temperature in designing 
ta tb tc
VH
0.71VH
VL
V
time
T
164 
 
periodic pores but all observations were based on membranes anodized using periodic voltage. 
They concluded that a decrease in temperature decelerates the reaction of oxidation or 
dissolution, in turn reducing the dimension of both main and branched pore moving the 
transmission peak (see Chapter 1) of the PAA structure towards lower wavelength.  
Krishnan and Thompson [19] studied the effect of different anodizing electrolytes on the 
PAA structure. Specifically they analysed phosphoric acid and oxalic acid observing a decrease in 
pore diameter along the pore main axis when oxalic acid was employed. The advantage of 
changing electrolyte lies in the absence of branches in the structure. In this case the PAA 
membrane shows a change in porosity maintaining always the same number of pores. As a result 
only the volumetric ratio pores/aluminium oxide changes. In addition the electrolyte has a 
stronger effect than temperature in changing effectively the pore diameter. From now on this 
change in pore diameter along the pore main axis resulting in alternating restrictions and 
enlargements will be called “necking”.  
 
6.2  Experimental  
 
As previously mentioned in the introduction temperature, voltage and electrolyte can all modify 
the porous structure obtained by anodization. With reference to the setup described in Chapter 2, 
among temperature, voltage and electrolyte, temperature is the parameter which is more difficult 
to control with high precision and for long anodization time. The influence of temperature on 
optical properties of PAA periodic anodized membranes will be studied in Chapter 7. The present 
chapter investigates the changes in pore diameter due to different electrolyte or voltage applied 
during anodization. The experimental part is divided into two sections, one considering the 
influence of the electrolyte and the other investigating the influence of the potential. 
 
6.2.1    Changes in electrolyte 
 
In Chapter 4 experiments were performed to check the influence of a discontinuous 
anodization on the PAA structure. Results showed that the potential can be stopped and then 
applied again without interrupting the pore growth. Pores re-propagate after the barrier layer 
regains the thickness associated with the anodizing voltage applied and electric charges start 
migrating. Based on this result and knowing that the barrier layer thickness depends on the 
anodizing voltage it was decided to try anodization on an electropolished aluminium in two steps, 
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changing the electrolyte type at each step. At the end of the first step a decrease in the voltage 
was introduced to remove the barrier layer and to allow the second anodization (see chapter 5 for 
barrier layer removal procedure). Among the three electrolytes which are mostly used in 
literature, the use of phosphoric acid can occasionally burn the PAA membrane hence it is 
considered an unstable electrolyte. Therefore oxalic acid (0.3 M) and sulphuric acid (20 %) were 
chosen, because their self-ordering voltage values are in the limit of the Keithley 2400. Two 
samples were first electropolished following the standard procedure described in Chapter 2 and 
then anodized in both electrolytes according to two different procedures. One sample was 
anodized in 0.3 M oxalic acid at 40 V for 60 minutes, followed by an exponential decrease in the 
voltage until 2 V in 20 minutes. Then the sample was washed with deionised water and etched for 
60 minutes in 5% phosphoric acid to remove the aluminium hydroxide from the pore top and 
enlarge the pore diameter. The sample was then washed again with deionised water and 
anodized in 20% sulphuric acid at 15 V for 60 minutes. After this second anodization the sample 
was washed and etched in 5% phosphoric acid for 15 minutes. Fig. 6.2 summarizes the procedure. 
 
 
Fig. 6.2: anodizing procedure using oxalic acid (0.3 M, 40 V) in a first stage and sulphuric acid (20%, 15 V) 
in a second stage. 
 
 A reverse procedure was used on the second sample. An electropolished aluminium 
substrate was anodized first in 20% sulphuric acid (15 V) for 60 minutes, followed by an 
exponential decrease in the voltage until 2 V in 20 minutes. Then the sample was washed in 
deionised water and etched for 15 minutes in 5% phosphoric acid. After a second washing the 
sample was anodized again in 0.3 M oxalic acid (40 V) for 60 minutes. Finally the PAA membrane 
was washed and etched in 5% phosphoric acid for 60 minutes. Fig. 6.3 summarizes the procedure. 
 
• 20 % sulphuric acid 
• 15 V
• 60 min
Exponential 
decrease until 2V
• 0.3 M oxalic acid 
• 40 V
• 60 min
Pore opening 
• 5% phosphoric 
acid
• 60 min
Pore opening 
• 5% phosphoric 
acid
• 15 min
+ SEM
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Fig. 6.3: anodizing procedure using sulphuric acid (20%, 15 V) in a first stage and oxalic acid (0.3 M, 40 V) 
in a second stage. 
 
For both samples (Fig. 6.2 and 6.3) the anodizing current was analysed and the resulting PAA 
membrane was imaged using SEM. 
 A further sample was anodized using 20 % sulphuric acid and 0.3 M oxalic acid in three 
steps. After electropolishing the aluminium substrate was first anodized in 0.3 M oxalic acid at 
40 V (20 minutes), followed by an exponential decrease in the voltage (from 40 V to 2 V in 20 
minutes) to thin the barrier layer and an etching in 5% phosphoric acid (40 minutes) to remove it. 
Then the sample was washed and anodized a second time in 20 % sulphuric acid at 15 V (20 
minutes), followed by an exponential decrease in the voltage (from 20 V to 2 V in 20 minutes) and 
an etching in 5% phosphoric acid (15 minutes). In the last step the sample was washed and 
anodized in 0.3 M oxalic acid at 40 V (20 minutes), followed by etching in 5% phosphoric acid (40 
minutes). Fig. 6.4 summarizes the procedure. 
 
 
Fig. 6.4: anodizing procedure in three stages: first using oxalic acid (0.3 M, 40 V), then sulphuric acid (20%, 
15 V) and finally oxalic acid (0.3 M, 40 V). 
 
SEM and EDS were performed on this sample in order to identify the alternating porous layers.  
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6.2.2    Different potential 
 
Starting from the procedures published by De Zhang’s group [14, 16-18] aluminium 
substrates were anodized under cyclic conditions with a voltage oscillating between 53 V and 23 
V. At the beginning of all cycles the samples were first anodized with a linear decrease in the 
voltage from 53 V to 23 V in 180 seconds, according to nucleation analysis reported in Chapter 3,  
and then a sinusoidal increase back to 53 V; this initial stage is generally referred to as nucleation 
as it allows time for pore nucleation. Then linear, exponential and sinusoidal decrease and 
increase in the voltage were studied. Because of the inherent limit of the Keithley 2400 
sourcemeter (see Chapter 2) hard anodization could not be performed, constraining the 
experimental range to voltages lower than 53 V. The aim of the experiments was to establish a 
procedure to control the pore geometry as this is connected to the refractive index of the layer. 
After repeating oscillations the resulting PAA membrane will contain alternating layers of 
different refractive index which can be considered a Bragg stack and used as a reflector. As PAA 
geometrical parameters influence the refractive index and in turn the reflectance spectrum of the 
resultant PAA membrane, it is crucial to be able to measure pore diameter, interpore distance 
and length of the different layers forming the membrane. However, the fragility of PAA 
membrane makes it difficult to obtain clear cross section to be imaged using SEM. In order to 
increase the stiffness of the PAA membrane and increase the contrast between the pore and the 
aluminium oxide/hydroxide matrix, platinum was deposited into those PAA membranes which 
were judged as most promising for optical application. Metal electrodeposition into porous 
structures which still present aluminium as a substrate is not a straightforward procedure (see 
Chapter 5). Therefore an exponential decrease in the voltage (until 2 V in 20 minute) was 
performed after the cyclic anodizing procedure in order to thin the barrier layer at the pore base. 
Then the membranes were etched for 60 minutes in 5% phosphoric acid to enlarge the pores and 
remove completely the barrier layer. A platinum solution (25 mM sodium hexachloroplatinate 
(IV), 1 mM hydrochloric acid and 3.5 mM potassium chloride in aqueous solution) was used as 
electroplating solution. Platinum was deposited using 0.5 V for 20 seconds followed by 0.3 V for 
880 seconds according to 
  ClPtePtCl 64
2
6 .        [eq. 6.2] 
Pt nanorods deposited in the membrane showed a higher increase in the contrast than 
nickel nanorods when imaged using backscattered mode on the SEM, allowing a more precise 
measurement of the geometrical parameters. Thicknesses of the different layers in the PAA 
membrane and changes in diameters or branching were obtained by cutting the sample and then 
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tilting the SEM stage at 70°. Cross sections were not imaged in random cracks of the sample; the 
cutting edge was used instead thanks to the increase in the stiffness of the PAA membrane. Fig. 
6.5 shows a scheme of the position of the stage during SEM imaging and the relation between the 
length which can be measured using the images and the real thickness of the sample.  
 
 
a)                 b) 
Fig. 6.5: (a) schematic representation of SEM imaging of a sample tilted at 70° and (b) the trigonometrical 
relation between the measurable and real length in the sample. 
 
As can be seen from Fig. 6.5 there is a simple trigonometric relation between the length 
measurable from SEM images (AB) and the real length of the same segments (CB). Using the 
letters in Fig. 6.5 


70sin
AB
CB           [eq. 6.3] 
the real thickness of the different layers forming the PAA membrane can be measured.  
 
6.3  Results 
 
Results are presented in two separate sections: the first regards the influence that 
anodization in different electrolytes has on the PAA structure, whereas the second considers the 
influence of gradual changes in potential during anodization.  
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6.3.1    Changes in electrolyte 
  
Fig. 6.6 shows SEM images of the PAA membrane anodized first in oxalic acid and then in 
sulphuric acid. The cracks are randomly introduced in the sample during the cutting procedure. 
 
 
 
 
  
 
 
 
 
Fig. 6.6: SEM images of a crack in the porous substrate: two porous layers with different pore diameters 
are visible and labelled. 
 
As can be seen, there are two porous layers visible in the crack. The layer on the upper part of 
the PAA membrane (first layer) presents pores with a bigger diameter, whereas the layer 
underneath presents pores with smaller diameter. The layers are designated by arrows and labels 
in Fig. 6.6. According to literature pores developed in sulphuric acid present a smaller diameter 
(see Table 6.1). In addition PAA membranes develop in the direction of the aluminium substrate 
(chapter 4) meaning that the layer visible on the top is the layer that formed first. In conclusion 
the first layer is attributed to growth in oxalic acid while the second layer is attributed to growth 
in sulphuric acid. Fig. 6.7 shows an image of the interface between the two porous layers at 
higher magnification.  
 
First porous layer (bigger pore size) 
Second porous layer (smaller pore size) 
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Fig. 6.7: SEM images of the interface between the two layers of pores with different sizes. It is not 
evident how the two layers are connected. 
 
The two layers with different porosity are clearly visible. However, there is no continuity between 
the layers, in that there is not a gradual change in the diameter along the pore axis between the 
layers. This result contrasts with what reported by Krishnan and Thompson. [19] However, they 
underlined the importance of maintaining a certain interpore distance by applying a specific 
voltage in each electrolyte which may be different from the self-ordering voltage used in the 
experiments above.  As previously mentioned images taken in irregular cracks of the membrane 
do not permit a measurement of the thickness of the features displayed. Therefore it is not 
possible to measure the exact thickness of each layer. Estimations can be obtained by integrating 
the anodizing current and considering an efficiency of 70% for the anodization in oxalic acid and 
60% for the anodization in sulphuric acid. [20] 
 Fig.6.8 show SEM images in cracks of the PAA membrane anodized first in 20% sulphuric 
acid and then in 0.3 M oxalic acid. 
 
 
First porous 
layer (bigger 
pores) 
Second porous 
layer (smaller 
pores) 
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Fig. 6.8: SEM images in cracks of a PAA membrane anodized first in sulphuric acid (20%) and then in oxalic 
acid (0.3 M).  
 
In this second case only one layer is visible through the cracks in the structure. In addition 
no pores are visible on the top surface although the sample was etched for 60 minutes. With 
reference to Chapter 2, we conclude that a post-anodization etching of 60 minutes for PAA 
membrane anodized in 20% sulphuric acid as first step is excessive and results in the complete 
dissolution of the membrane. 
Fig. 6.9 shows SEM images of the sample anodized in three steps: 0.3 M oxalic acid, 20% 
sulphuric acid and finally 0.3 M oxalic acid again. 
 
 
Fig. 6.9: SEM top images of a sample anodized in three different solution: oxalic acid (0.3 M), sulphuric 
acid (20%) and oxalic acid (0.3 M). Three porous layers are visible in the structure. An EDS spectrum was 
taken on each layer and the exact position is shown. 
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The etching time was reduced to 40 minutes for this sample in order to avoid the complete 
etching of the PAA layer developed in sulphuric acid. During cutting the samples delaminate 
revealing three porous layers and the aluminium substrate. EDS analysis was performed on the 
different layers looking for the chemical composition of the oxide. Table 6.2 contains the results 
of the three spectra taken in the position shown in Fig.6.9. 
 
Table 6.2: EDS results of spectra taken at different spots on the sample (see Fig. 6.9) showing the 
percentage of 6 elements in the material. The percentage of sulphur (S) is highlighted in bold. 
Spectrum C O Al P S Cr Total (%wt) 
1 3.43 50.61 40.19 0.24 0.13 5.4 100 
2 3.86 47.52 34.62 2.90 4.45 6.66 100 
3 4.25 51.12 38.95 0.42 0.16 5.06 100 
 
Spectrum 1 refers to the layer at the bottom in Fig.6.9, closer to the aluminium substrate, 
spectrum 2 refers to the middle layer, whereas spectrum 3 refers to the top layer. All spectra 
present a high concentration of oxygen and aluminium consistent with aluminium oxide and 
hydroxide. The presence of chromium is due to the coating performed before the SEM analysis to 
make the surface of the PAA membrane conductive. The presence of sulphur is highlighted in bold 
in the table. Spectrum 2, corresponding to the porous layer positioned in the middle, shows the 
highest concentration of sulphur coming from ions incorporated during anodization.[21] 
Therefore EDS results suggest that the layer in the middle developed in sulphuric acid.  
In conclusion step-anodization with different electrolyte results in PAA membrane composed 
of layers with different porosity whose thickness can be controlled through specific combination 
of time and current during each anodization step. Removal of the barrier layer using an 
exponential decrease in the voltage and pore enlargement using etching are crucial between 
steps to allow the development of the subsequent PAA layer. However, SEM images show layers 
with pores not connected throughout the whole PAA membrane leading to easy delamination 
during handling. In addition the procedure is laborious and time consuming with a necessary 
minimum thickness of the layers due to the voltage decrease procedure.  
 
6.3.2    Change in potential 
 
Fig. 6.10 shows the temporal voltage and current (a), and an SEM cross section image (b) for a 
sample periodically anodized following the procedure of Zheng and al. [18]. After nucleation the 
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voltage reduces from 53 V to 23 V linearly in 180 seconds and then increases sinusoidally in 30 
seconds. The cycle was repeated 17 times. The experiment was performed as no current transient 
was reproduced in the original article. 
 
a)                  b) 
Fig. 6.10: (a) particular of the trend of the voltage and the current, and (b) an SEM cross section image for 
a sample anodized with periodical linear decrease (from 53 V to 23 V in 180 seconds) and sinusoidal 
increase (from 23 V to 53 V in 30 seconds) in the voltage. 
 
As can be seen in Fig. 6.10 a, at 23 V the current is almost zero. When the voltage begins to 
increase, the current increases faster than the voltage and reaches a peak before the highest 
value of the voltage is applied to the cell. As the voltage keeps increasing the current drops and 
then stabilizes. The stable value in the current is maintained during the decrease in the voltage 
until 47 V. When the voltage decreases linearly lower than 47 V the current decreases as well. A 
possible interpretation of part of the behaviour of the current can be suggested. At 23 V the 
barrier layer at the pore base is thin, hence the current increases quickly when the voltage rises. 
As the current increase the barrier layer becomes thicker until the current reaches its peak value 
and then drops. However, the fact that at 53 V the current is stable and it remains so until 47 V 
cannot be logically explained by only considering a change in the barrier layer thickness. It is 
necessary to consider a change in pore diameter or active area of the sample to explain this 
shoulder-feature in the current. Fig.6.10 b) reproduces an SEM image of a cross section of the 
membrane. Although the porous structure is periodically modulated, it is not clear if there is only 
a change in the diameter or if the pores are divided as in Fig. 6.1.  
To investigate the relationship between current profile and structure, two samples were 
prepared trying, respectively, to enhance or avoid the shoulder in the current.  
In order to avoid the shoulder in the current, one sample was anodized according to the 
following procedure. After nucleation, the voltage increases in a sinusoidal manner from 23 V to 
53 V in 30 seconds, and then it decreases in an exponential manner until 23 V in 60 seconds. The 
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cycle was repeated 19 times. Fig. 6.11 shows the trend of the current and voltage during the 
periodic anodization (a) and an SEM image of a cross section of the membrane, from cracks 
purposely introduced in the sample (b). 
 
  
 
a)       b) 
Fig. 6.11: (a) trend of voltage and current during periodic anodization: after nucleation, the voltage 
increased in a sinusoidal way from 23 V to 53 V in 30 seconds, and then decreased in an exponential way 
until 23 V in 60 seconds; (b) SEM cross section images of the membrane are obtained through cracks in 
the membrane purposely introduced. 
 
As can be seen from Fig. 6.11 a) there are no shoulders in the curve of the current during the 
cycles, neither during voltage increase or decrease. In addition, for values of the voltage lower 
than 25 V the current is almost 0 A, which means that there is no charge transfer, i.e. no pore 
development. The SEM cross sectional image (Fig. 6.11 b) shows a similar number of branches as 
a constant voltage anodized PAA membrane (see Chapter 5). At higher magnification each pore 
shows a periodic changes in diameter, which will be called from now on “necking” in contrast with 
“branches” which is used to indicate a pore that divides into two pores. It can also be noticed that 
there is also a porous top layer brighter than the rest of the PAA structure. This layer is attributed 
to the initial pore nucleation which means that it develops when the voltage decreases from 53 V 
to 23 V in the first 180 seconds.  
 As the changes in diameter are difficult to measure in the structure shown in Fig. 6.11 b, a 
PAA membrane was anodized following the same procedure but with an exponential decrease in 
the voltage at the end in order to reduce the barrier layer at the pore base and allow platinum 
deposition. The contrast between platinum and aluminium oxide/hydroxide in backscattered SEM 
enhances the nanorods structure and allows a more precise observation of the structure and 
measurement of the necking. Fig. 6.12 shows a SEM image (a) and a backscattered SEM image (b) 
of the platinum nanorods developed inside the periodic structure. 
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a)       b) 
Fig. 6.12: (a) SEM image and (b) backscattered image of platinum nanorods deposited inside a PAA 
membrane with a periodic change in diameter (see Fig. 6.11 b). 
 
Fig. 6.12 a) confirms the presence of necking in the membrane, whereas Fig. 6.12 b) shows 
nanorods with different shades of brightness along their profile. Although the changes in 
brightness can be associated with a change in the diameter of the nanostructure, the necking is so 
small that it cannot be clearly measured. Fig. 6.12 b) can be used only to estimate the changes in 
diameter.  
If the voltage decreases from 53 V to 23 V over a longer time, a shoulder appears in the 
current-time profile (see Fig. 6.10 a). Therefore two samples were cyclically anodized maintaining 
the lowest value of the voltage for a longer time. In addition the lowest value of the voltage was 
increased from 23 V to 25 V in the first sample and then to 30 V in the second sample to avoid 
having zero current at any stage during anodization. In the first sample a potential of 25 V was 
maintained for 20 seconds, while in the second sample a potential of 30 V was maintained for 100 
seconds. Fig. 6.13 shows the trend of the voltage and current during anodization and SEM images 
for the sample with 25 V as the lowest voltage (a) and (b), and for the sample with 30 V as the 
lowest voltage (c) and (d). 
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 a)       b) 
 
c)       d) 
Fig. 6.13: (a and b) trend of the voltage and current during anodization and SEM images for a sample with 
25 V as the lowest voltage maintained for 20 seconds, and (c and d) for a sample with 30 V as the lowest 
voltage maintained for 100 seconds. 
 
As can be seen in Fig. 6.13 a) when the voltage reaches the stable value of 25 V the current is 
almost 0 A, but it starts increasing gradually while the potential is constant for 20 seconds. By 
contrast in Fig. 6.13 c) as the voltage stabilizes at 30 V, the current initially presents a value of 
about 1 mA and suddenly increases reaching a plateau at 4 mA. SEM images (Fig. 6.13 b and d) 
show a periodic structure for both samples although the fragility of the membrane hinders the 
imaging of a pore along its total length. However, the structure in Fig. 6.13 b) looks more similar 
to the membrane imaged in Fig. 6.11 b) than the structure in Fig. 6.13 d). In particular a change in 
diameter is more evident. By contrast the structure in Fig. 6.13 d) shows less necking but branches 
or merging of pores instead. In conclusion when the voltage was decreased to 30 V, the current-
time transient presents a shoulder and a structure with branching pores develops.  
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Another sample was designed to investigate the periodic porous structure achievable when 
the highest value of the voltage is maintained longer and a shoulder is visible in the current 
transient. Fig. 6.14 shows the trend of the voltage (a) and the current (b) for a periodic 
anodization in which the shoulder in the current is enhanced. After normal nucleation time (from 
53 V to 23 V in 180 seconds and sinusoidal increase to 53 V in 30 seconds), the voltage decreases 
back to 23 V linearly with two different slopes: first down to 47 V in 90 seconds, then to 23 V in 60 
seconds. The cycle was repeated 10 times. 
 
 
 
a)       b) 
Fig. 6.14: particular of the trend of the (a) voltage and (b) current during cyclic anodization: after 
nucleation the voltage decreases back to 23 V linearly with two different slopes: first down to 47 V in 90 
seconds, then to 23 V in 60 seconds. The cycle was repeated 10 times. 
 
As can be seen, when the voltage reaches a value lower than 25 V, the current reduces to 0 A, 
which means that no pore development is possible. The value of the current at the top of the 
shoulder is slightly higher than the value at the peak. Fig.6.15 shows SEM images of the cross 
sections of the PAA membrane.  
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a)       b) 
Fig. 6.15: SEM images at different magnification of a PAA membrane anodized according to the cyclic 
procedure reproduced in Fig. 6.11 a).  
 
Fig. 6.15 a) shows a large area of the PAA membrane cross section where different layers can be 
recognized alternating along the structure. However, at higher magnification (b) short branches 
are visible in between the layers.  
To prove the dependence between pore branching and shoulder in the current another 
sample was anodized with a periodic voltage. After nucleation the voltage decreases to 23 V 
linearly with two different slopes: first down to 47 V in 150 seconds, then to 23 V in 60 seconds; 
then the voltage increases to 53 V in a sinusoidal manner. The cycle was repeated 10 times. Fig. 
6.16 shows the current and the voltage against time (a) and an SEM image of the membrane (b). 
 
 
a)       b) 
Fig. 6.16: (a) particular of the trend of the current and voltage and (b) SEM images of the cross sections 
with branches, red circles, of a sample periodically anodized: after nucleation the voltage decreases to 23 
V linearly with two different slopes: first down to 47 V in 150 seconds, then to 23 V in 60 seconds; 
afterwards the voltage increase to 53 V in a sinusoidal way.  
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When the trend of the current in Fig. 6.16 a) is compared with the trend of the current in 
Fig. 6.14 b) the ratio peak height/shoulder height decreases from 1.088 to 0.885 which means 
that the shoulder in the current becomes the most relevant feature of the profile. The top layer is 
also visible in Fig. 6.16 (b) confirming that its growth is associated with the initial nucleation stage. 
The red circles highlight the branches in the structure. At a certain point during pore development 
almost each pore divides into two pores which develop in parallel. Then one of the two branches 
stops growing and the other increases its area re-establishing the same interpore distance present 
before branching. Although the branches cannot be observed for each pore along its main axis, 
this can be explained by the fact that the structure is 3 dimensional: branches can just have 
developed on an alternate plane to the cutting plane. In order to increase the contrast between 
the pores and the PAA membrane platinum was deposited in the structure. Fig. 6.17 shows SEM 
backscattered images of the periodic anodized PAA membrane with platinum nanorods. 
 
                                                                    
 
 
   
a)       b) 
Fig. 6.17: SEM backscattered images of the cyclic sample already showed in Fig. 6.11. The platinum 
deposited in the structure results brighter than the PAA membrane. 
 
Fig. 6.17 a) shows a homogeneous platinum deposition in the PAA membrane with bright 
nanorods long enough to reveal the periodic porous structure. Although backscattered SEM 
(Fig.6.17 b) evidences branches of limited length, some areas of the sample present longer 
branches (Fig.6.16 b) suggesting that platinum deposition cannot occur in those pores which stop 
developing due to the fact that electrodeposition takes place along the path of least resistance it 
is not conformal with the porous structure.  Therefore the length of the branches can be obtained 
only from SEM images of the membrane, such as Fig. 6.16 b), whereas the enhanced contrast due 
to platinum deposition can be used to measure interpore distance and pore diameter. Table 6.3 
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presents the results of the measurement of different geometrical parameters of the PAA 
membrane. 
 
Table 6.3: total length, pore diameter and interpore distance of a branches and straight pore layer 
obtained using SEM images and a 70° tilted stage. 
  Branched pore layer Straight pore layer 
total length [nm] 444±90 553±91 
pore diameter [nm] 30±7 42±9 
interpore distance [nm] 83±9 114±7 
 
Pore diameter and interpore distance shown in Table 6.3 can be used to calculate the 
porosity of the branched and straight pore layer respectively. Supposing a hexagonal distribution 
of the pores in an area of ῀0.99 cm2, the pores are equally spaced and located at the vertices of an 
equilateral triangle. The edge of the triangle is the interpore distance (Fig. 6.18). 
 
 
Fig. 6.18: schema of the reciprocal position of pores in a perfect hexagonal distribution: pores are located 
at the vertices of an equilateral triangle with interpore distance as edge.   
 
The total area of the sample divided by the area of the equilateral triangle gives the total number 
of triangles present on the surface. Each triangle contains three times one sixth of the pore area, 
hence the total pore area can be calculated. The ratio between the total area of the sample and 
the total pore area gives the porosity of the sample. Table 6.4 shows the resulting porosity for the 
branched and straight pore layers using the geometrical parameters in Table 6.3. 
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Table 6.4: values of porosity calculated using pore diameter and interpore distance in Table 6.3. 
Branched pore layer Straight pore layer 
12±7% 12±6% 
 
The values shown in Table 6.4 do not show a difference in porosity between the two layers even if 
they present different values of pore diameter and interpore distance. This result confirms the 
observation previously made based on SEM cross section images. The branched layer presents 
small pores with short interpore distance; when one of the two branches stops growing, the other 
branch increases its area and the same interpore distance present before branching is re-
established.   
In order to establish a relation between branched/straight pore layer and values of the current 
during anodization, the current transient shown in Fig. 6.16 (a) was divided into 5 areas as shown 
in Fig. 6.19. 
 
 
 
Fig. 6.19: trend of the current during one cycle divided into 5 areas. Each part was then integrated in 
order to calculate the amount of charge transferred. 
 
Each area corresponds to a value of charge transferred during anodization. Supposing a current 
efficiency of 70% (see Chapter 4) constant at all values of the voltage, a molar mass of aluminium 
oxide of 101.96 gmol-1, a density of PAA of 2.4 gcm-3 (see Chapter 4) and the porosity calculated 
using the geometrical parameters (Table 6.3), the thickness of the layers grown during A1, A2, A3, 
A4 and A5 are reported in Table 6.5. 
200 300 400
0.000
0.005
0.010
0.015
 
 
I 
[A
]
time [sec]
A1 
A2 A3 A4 
A5 time [s] 
182 
 
 
Table 6.5: calculation of the amount of charges transferred in A1, A2, A3, A4 and A5 (Fig. 6.19) and the 
estimated thickness of the PAA layer developed. 
Area Charge [C]   Thickness [nm] 
A1 0.16295 
branched 96 
straight 96 
A2 0.10235 
branched 60 
straight 61 
A3 0.43483 
branched 256 
straight 257 
A4 1.2004 
branched 706 
straight 710 
A5 0.16355 
branched 96 
straight 97 
 
Both branched and straight pore layers present the same porosity so there is no difference in 
thickness for one layer developing branches or not. The sum of A1, A2, A3, A4 and A5 gives the 
total amount of charges involved in one cycle. From table 6.5 the total thickness of PAA grown in 
one cycle is 1224 nm which is higher than the sum of one straight and one branched layer (997 
nm). This reflects the importance of the density in the calculation and the assumption of constant 
density and current efficiency. A change of 0.1 gcm-3 in the density modifies the thickness of each 
layer of 5%, whereas a current efficiency of 60% instead of 70% causes a 15% decrease in the 
layer thickness.   SEM images of cross sections of the PAA membrane confirmed the presence of 
16 layers when 8 anodized cycles are applied and 20 layers when 10 cycles are applied.  
In conclusion two layers developed during 1 cycle: a branched layer and a straight pore 
layer. In order to establish which layer developed at which value of the current the areas in Table 
6.5 were combined so that the total thickness of the sum of the area considered almost matches 
the total thickness of the layers measured from SEM images (see Table 6.3 for thickness). 
However, Table 6.5 shows how the layer which develops during A4 should have a thickness bigger 
than a single branched or a straight pore layer (~700 nm versus ~ 440-550 nm). This observation 
suggests that the voltage at which the structure changes from branched to main pore is located at 
some voltage value in A4. However, the current profile does not show any anomalies consistent 
with a change in barrier layer thickness or total conductive area. The fact that the voltage is never 
constant during the cycles makes more difficult to interpret the behaviour of the current. From 
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previous studies [9] on pulse anodization it is experimentally known that a sudden decrease of 
0.71 (that is 2/1 ) times in the voltage causes branches in the structure. In Fig.6.19 there is no 
pulse anodization but the voltage decreases to value even lower than 0.71 times. As the voltage is 
never constant the rule of 2/1 factor is not directly applicable, but according to literature [14] it 
is supposed that a decrease in the voltage produces branches in the structure. Therefore the 
behaviour of the current in Fig.6.19 could be explained as follow. At some point during A4 
branches appear in the structure and continue developing until the voltage rises again. After the 
equilibrium thickness of the barrier layer is reached at A2, one of the two branches stop 
developing causing the drop in the current. However, as SEM images show (Fig.6.16 b), the 
remaining branch increases its diameter and the current rises forming the shoulder. From this 
point only one main pore develops until the next branching point. Fig. 6.20 shows the trend of the 
anodizing voltage and current at the end of a periodic anodization (a) and SEM images (b) for 
sample presenting branches at the pore base (red circle).  
 
  
a)       b) 
Fig. 6.20: (a) trend of the current and voltage at the end of anodization and (b) correspondent PAA cross 
section imaged using SEM. The red circle evidences the start of branches close to the pore base. 
 
The hypothesis that branches develop when the voltage decreases is supported by Fig. 
6.20 which shows how branches already developed are visible at the base of a periodic PAA 
membrane when the voltage stops at its highest value (Fig. 6.20 a). If branches develop when the 
voltage is maintained at its highest value, then the part of the pores closer to the aluminium 
substrate should present a single pore as the voltage (see Fig. 6.20 a) has just increased. On the 
contrary Fig. 6.20 shows branches already developed closer to the aluminium substrate. Although 
Fig. 6.20 b) cannot be used for measurements, the fact that branches can be observed supports 
the idea that the starting point for branches is located at a voltage value during the previous 
voltage decrease.   
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6.4  Conclusion 
 
The present chapter investigated two main methods to periodically control the pore 
geometry during pore development: change in the electrolyte and change in the voltage values. 
With the first approach it was proved that layers with different porosity can be obtained. 
However, the laborious anodizing procedure which requires an exponential decrease in the 
voltage and pore opening at the end of each step before changing electrolyte makes the methods 
of difficult application for membrane designed for optical application. In order to work as a 
reflector the thickness of each layer needs to be in the order of λ/4 (see Chapter 1) and the basic 
unit of the Bragg stack has to be repeated over 100 times to increase the intensity of the signal. 
The second approach using a periodic voltage showed a straightforward way to anodized 
membranes with a periodic structure with possible application as optical reflectors. The porous 
structures can be periodically modified introducing necking or branching in the sample. In the first 
case the number of pores remains the same throughout the whole PAA membrane but the size of 
the pores changes periodically along the main axis with repetition of necking and enlargements. 
Whereas in the second case the presence of branches influences the refractive index as the 
number of pores changes from layer to layer generating a Bragg stack.  
 
6.5  Next 
  
Based on results obtained changing the electrolyte during anodization a new cell was 
designed to automate the process and to make it less time consuming. The cell and the hydraulic 
circuit are reproduced in Appendix B.    
The inherent limit of the sourcemeter restricted the maximum voltage to a value of 53 V 
precluding all investigations in the hard anodization regime. The reduced range of parameters and 
values employable limited greatly the possible structure achievable. In addition it was not possible 
to determine the exact value of the voltage at which pores start branching suggesting that the 
role of 2/1  factor is not applicable when the voltage does not decrease suddenly.  
The influence of temperature during anodization was not studied in this chapter, but it 
will be critically important for reflection spectra of periodic PAA membranes. For this reason it will 
be discussed extensively in Chapter 7. 
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Chapter 7: Optical properties 
 
The present chapter investigates the optical properties of periodic anodized PAA 
membranes whose anodization procedure and geometrical parameters have been previously 
described in Chapter 6. Ellipsometrical and reflectance measurements were used out to 
determine the optical properties of the porous structure. The initial part of the chapter focuses on 
ellipsometry and modelling of ellipsometrical data in order to understand how a refractive index 
can be determined. Then a brief literature review introduces the optical properties of periodic 
branched PAA membranes. Finally experimental and results sections deal with reflectance and the 
refractive index of necked and branched samples.     
 
7.1 Background 
 
Interaction between light and material is influenced by the refractive index of the medium 
through which light propagates. In order to understand reflectance spectra for a complex 
structure, such as PAA membranes, the refractive index of the structure needs to be measured. 
The following paragraphs focus on the technique chosen to investigate the optical properties of 
the porous membrane and on the state-of-the-art of reflectance and transmission of PAA periodic 
structures. 
 
7.1.1 Ellipsometry  
 
The basics of ellipsometry as a technique have already been introduced briefly in Chapter 
2. This paragraph aims at presenting ellipsometry from a physical point of view explaining the 
interaction between polarized light and the sample, and the information which can be obtained 
from the analysis. In ellipsometry linearly polarized light at different wavelengths is employed to 
investigate the optical response of the sample. The plane of incidence is defined as the plane 
perpendicular to the sample surface containing the incidence light. The projections of the electric 
field on the plane of incidence and on the plane perpendicular to it are defined as p-polarization 
and s-polarization respectively. The light reflected after interaction with the sample changes its 
polarization status from linear to circular or elliptical. Fig.7.1 shows a PAA membrane during an 
ellipsometrical measurement. The plane of incidence is highlighted in light yellow. 
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Fig. 7.1: linear polarized light interacting with a porous aluminium membrane during an ellipsometrical 
measurement. 
 
When polarized light (vector E, with projections p-polarized and s-polarized) hits the sample, it 
interacts with the polarized dipoles of the sample and light waves of the same frequency as the 
incident light are radiated. The ellipsometer measures the intensity of the light coming from the 
sample at different wavelength. Fig.7.1 shows how the light coming from the sample is not 
linearly polarized like the incident light. The results of each wavelength scan is presented in two 
graphs as ψ (amplitude) against wavelength and Δ (phase) against wavelength according to the 
following relation 
 
 i
s
p
e
r
r
tan
 
       [eq. 7.1] 
where   is called the complex reflectance ratio [1] and defines the polarization state of the 
system. The angle of incidence (Θ in Fig.7.1) is usually chosen between 65° and 75°, as close as 
possible to the Brewster angle ( B ) at which the difference between pr and sr  is maximized.  pr
and sr  derive from Fresnel equations and consider the intensity ratio between reflected light ( rE
) and incident light ( iE ) 
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In particular, when working in reflectance 
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[eq. 7.4] 
Comparing the intensity of the light coming from the sample to the intensity of the incident light, 
the changes in polarization are measured and the resulting values are used to build the Jones 
matrix. [2]  
Fig. 7.2 represents different samples whose refractive indices can be determined 
comparing the changes in polarization.  
 
 
          a)            b)                       c) 
Fig. 7.2: index ellipsoids of (a) isotropic material (nx = ny = nz), (b) uniaxial material (nx = ny ≠ nz) and (c) 
biaxial material (nx ≠ ny ≠ nz). [2] 
 
In an isotropic sample (Fig.7.2 a), which has the same optical properties (n and k) along the three 
axis of symmetry, the general Jones matrix is 

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0
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          [eq.7.5] 
where entries outside the main diagonal are 0, meaning that in an isotropic sample change in p- 
and s-polarized reflectance light can only be due to interactions with p- and s-polarized incident 
light respectively. By contrast in an anisotropic sample (Fig.7.2 b and c) the general Jones matrix is 
 
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

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
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sssp
pspp
rr
rr
J          [eq. 7.6] 
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The entries in the main diagonal express the changes in p- and s-polarization, while the entries 
outside the main diagonal express the mixed interaction between p- and s-polarizations. In an 
anisotropic material the optical properties change depending on the orientation of the sample.  
With reference to Fig.7.2 there are two kind of anisotropy: 
- uniaxial (Fig.7.2 b), where only two indices of refraction are the same (nx = ny ≠ nz); 
- biaxial (Fig.7.2 c), where all three indices of refraction are different (nx ≠ ny ≠ nz). 
PAA membranes are considered anisotropic as are others porous media [3] due to their structure. 
In particular they are birefringent materials [4] because their refractive index depends on light 
polarization and the direction of propagation. Fig.7.3 shows a PAA membrane with the three axis 
x, y and z. 
 
 
Fig. 7.3: PAA membrane as uniaxial material (nx = ny ≠ nz), the axis shows the direction in which the 
optical properties (n and k) change. 
 
Referring to Fig. 7.3 it is seen that PAA membranes are uniaxial materials in that there are two 
equal refractive indices (nx=ny). The refractive index in direction x, which is equal to the refractive 
index in direction y, is called the ordinary (in-plane) refractive index no, whereas the refractive 
index in direction z is called the extraordinary (out-of-plane) refractive index ne. It is crucial to 
point out that when a sample with the optical axis lying in the plane of incidence is measured the 
entries outside the main diagonal are zero even if the sample is anisotropic. [5] PAA membranes 
have their optical axis perpendicular to the surface (z direction in Fig. 7.3), i.e. parallel to the main 
pore axis, which means that the entries outside the main diagonal are always zero. Therefore 
there is no difference in measuring the sample as anisotropic or isotropic. However, all PAA 
membranes present significant depolarization effects which cause the transformation of fully 
polarized light into partially polarized light. [2] The main reasons for depolarization effects are 
z
x
y
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multiple light scattering due to surface roughness and thickness inhomogeneity of over 2%.  If the 
light is not fully polarized than Stokes parameters (S0-3) are used instead of a Jones matrix because 
Stokes parameters consider fully polarized, partially polarized and unpolarized light instead of 
only fully polarized light. Four parameters define the Stokes parameters and their relationship is 
shown below 
yx IIS 0           [eq. 7.7] 
yx IIS 1           [eq. 7.8] 
  45452 IIS          [eq. 7.9] 
LR IIS 3           [eq. 7.10] 
0S , 1S  and 2S represent the light intensity (I) considering linearly polarized light in different 
directions (x and y) and at different angles (-45° and +45°), whereas 3S considers also circular 
polarization, defined through R and L. For partially polarized light, all four Stokes parameters need 
to be measured. However, in order to measure 3S  a compensator (or retarder) is used and the 
ellipsometrical measurement is called rotating-analyzer ellipsometry with compensator. Fig. 7.4 
shows how a retarder can convert linear polarized light to circular polarized light and the other 
way around by slowing down one polarization with respect to the other. 
 
 
Fig. 7.4: a compensator converted linear polarized light in circular polarized light or the other way around 
changing the phase between s- and p- polarization. [2] 
 
When a compensator quarter wave retarder is introduced there is a 90 °shift in the phase of the 
polarized light. As can be seen in Fig. 7.4 the compensator changes the phase between linear p- 
and s-polarized light so that the light coming out is circular polarized. Circularly polarized light 
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contains information about both cos Δ and sin Δ (see the complex phase Δ in eq. 7.1), which are 
used to measure 3S  and to minimize the error in Δ at 0° and 180°.  
As already stated, after every ellipsometrical measurement, the optical information about 
the sample analyzed are plotted into two graphs: Ψ against wavelength and Δ against wavelength 
(eq. 7.1). For a basic structure the amplitude ψ is influenced by the refractive index n, whereas 
the phase difference between p- and s-polarized light Δ is determined by the extinction 
coefficient k. [2] In more complicated structures a model is necessary considering that the sample 
could be formed by layers of different materials (conductor, dielectric, semiconductor), whose 
optical constants are filed in a specific database, or by layers with special but unknown optical 
properties (Cauchy layer, Effective Medium Approximation, Graded Layer...). As the models are 
many and they have to be chosen based on the system, the following paragraphs focus exclusively 
on the special layers used to fit PAA membranes in the present work. 
 
7.1.1.2 Effective Medium Approximation (EMA) 
 
Effective medium Approximation (EMA) is used to model composite materials of at least 
two components considering interfaces, volume fraction, shape and different optical properties of 
the two materials. The use of EMA layers in a model is restricted to components whose size is 
greater than the atomic size but smaller than λ/10 of the wavelength. [2] In addition the 
components have to show dielectric functions independent of size and shape.  There are different 
EMA that can be used depending on the volume fraction and shape of the components; the main 
theories are Lorentz-Lorentz, which considers a dielectric composed of two phases surrounded by 
vacuum or air, Maxwell Garnett, which assumes dielectric spheres in a host material and 
Bruggeman, which does not distinguish between inclusions and host material but equally weights 
all the components. This latter model presents the advantage of not being restricted to any 
volume fraction between the components of the composite layer. 
    
7.1.1.3 Cauchy layer 
 
A Chauchy layer is used to model the optical response of a transparent layer (no 
absorption, k=0) of unknown dielectric function. The variations in the refractive index of the layer 
with light are simulated as 
193 
 
..
42


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An          [eq. 7.11] 
where the coefficient A, B and C result from the fitting of the ellipsometrical data. Terms of 
smaller order than B are generally not considered in the calculation (C=0). The Cauchy model is an 
approximate function of the Sellmeier model which in turn derives from the Lorentz model. [2] As 
the dependence of the refractive index on the wavelength is typical for each material, optical 
properties of standard crystalline material are collected in a database and used for comparison 
and fitting. Jones and Stokes parameters are function of wavelength and their calculation during 
ellipsometry aims at defining the refractive index of the material at different wavelength.  
 
7.1.1.4 Ellipsometry applied to PAA membrane 
 
Literature reports a number of ellipsometrical studies on PAA membrane; however, due 
to the complexity of the porous structure the models employed to fit the data are different from a 
physical point of view. A limited amount of work does not consider the anisotropy of the 
membrane [6] or is referring to ellipsometry insitu [7]. The majority of actual studies are divided 
between PAA membranes developed on substrates such as silicon or quartz [8-9], hence with no 
barrier layer at the pore base, and PAA membranes developed on aluminium, where an accurate 
model for the barrier layer is crucial for the fitting. Generally the barrier layer is modelled as a 
graded layer or an EMA composed of aluminium and aluminium oxide [6], whereas the porous 
layer is simulated using a Bruggeman EMA layer [8] or with several Bruggeman layers supposing a 
change in porosity in the PAA membrane [10].      
Among theoretical studies of light interacting with porous structures the work of Saito 
and Miyagi is of particular importance. [11] In their calculations they simulate the interaction of 
linear polarized light coming from x or z in Fig.7.3 with a PAA structure of regular pore 
distribution. Considering the refractive index of air (n2) and aluminium oxide (n1) plus the 
geometrical parameters of the porous structure such as pore diameter (2a) and interpore 
distance (b), they derive the following equations 
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to calculate the extraordinary and ordinary refractive indices for the uniaxial PAA membrane.  
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7.1.2 Optical properties of PAA membrane 
 
Past studies [12-13] report photoluminescence properties of PAA membranes anodized in 
sulphuric and oxalic acid with peaks position in the blue region. The presence of 
photoluminescence peaks is attributed to impurities coming from the electrolyte included in the 
structure during anodization. Besides intrinsic photoluminescence properties PAA membranes are 
also widely use as sensors [14] together with other porous materials [15-16]. The presence of a 
solution in the pores of a PAA membrane determines a shift and a change in the intensity of the 
transmission peak which depends on the refractive index and infiltration of the liquid.  
In a PAA membrane the effective refractive index, which is the refractive index of the 
total membrane considering pores and AAO as only one material, depends on the volume ratio 
between pores and PAA matrix. The volume ratio between pores and PAA matrix can change 
along the pore vertical axis when hard anodization is alternated to mild anodization [17] or during 
branching. In the case of branching some authors claim that the change in porosity is responsible 
for the periodic change in the refractive index. [18] Fig.7.5 shows a branched porous structure and 
how the change in the volume ratio between pores and PAA matrix modifies the refractive index 
creating a multilayer structure (Bragg stack, see Chapter 1).  
 
 
Fig. 7.5: a cyclically anodized PAA membrane presenting branches changes its refractive index periodically 
forming a Bragg stack.  
 
In 2007 Wang et al. [19] demonstrated the possibility of shifting the transmission peak of 
multilayer PAA membrane using pore etching at the end of periodic anodization to change the 
volume ratio pore/matrix. As this group itself states in a following publication [20] the use of 
etching limits the shift between 450-525 nm. In the same publication they suggest the use of a 
n1
n1
n1
n1
n2
n2
n2
n2
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different periodic voltage during anodization and a control on the anodizing temperature to shift 
the transmission peak of the periodically anodized structure from 350 to 800 nm. The 
temperature needs to be strictly controlled as a shift along the whole visible range occurs for a 
change of only 7 °C in the electrolyte temperature. By contrast two other publications [18, 21] 
employ a periodic anodization as a mean to change the thickness of the alternating layer in 
Fig.7.5. Either reducing or increasing the thickness of branched or main pore layer sections 
modifies the position of the transmission peak according to [18] 

 22
22
22
11 sinsin
2
 ndnd
m m
.
      [eq. 7.14] 
Potentiostatic anodization was carried out by increasing and decreasing the voltage between VH 
and VL , with branches located at 0.71VH during the decrease in the voltage, in agreement with Li’s 
and Papadopoulos’ results [22]. The investigation focused on the influence of a longer anodization 
time at VH and of longer linear decrease after 0.71 VH. Both procedures show a shift in the 
transmission peaks. No explanation is given about the role of different anodization time at 
constant VH; by contrast the change in the linear decrease after 0.71 VH is claimed to modify the 
thickness of the branched layer.   
 
7.2 Experimental  
 
The anodizing procedure is only summarized as it has already been extensively discussed 
in Chapter 6. Two sections focus on ellipsometrical and reflectance measurements. Matlab was 
employed to simulate reflectance spectra using geometrical parameters of PAA membranes 
reported in Chapter 6. 
 
7.2.1 Anodizing procedure 
 
The anodizing procedure for both branched and necked PAA membranes is summarized 
below. Branched PAA membranes were obtained by anodizing periodically an aluminium 
substrate with enhancement of the shoulder in the current-time profile (see Chapter 6). The 
voltage fluctuated between 53 V and 25 V with an average of 240 seconds for each cycle. As a 
consequence each cycle was repeated more than 100 times giving a total anodization time of 10 
hour. More details about the anodizing procedure for branched sample can be found in Chapter 6. 
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Necked PAA membranes were obtained by anodizing periodically an aluminium substrate 
avoiding shoulders in the current-time plot or steady state currents. The general procedure begins 
with nucleation and then around 320 cycles, for a total anodization time of 10 hours, where the 
voltage decreases exponentially in 60 seconds from 53 V to 25 V and then increases in a sinusoidal 
manner back in 30 seconds. Anodization was performed at different temperatures, monitoring 
current and collecting reflectance spectra. 
 
7.2.2 Ellipsometry 
 
Ellipsometry (VASE Ellipsometer, J.A. Woolham Co., Inc.) was performed on PAA 
membranes anodized for 15 minutes at constant voltage of 53 V and 25 V (40 minutes pore 
opening in 5% H3PO4). The short anodization time was chosen to reduce the thickness of the 
membrane and hence to simplify the fitting. All samples were measured as isotropic samples plus 
depolarization at 65°, 70° and 75° (with 5 nm resolution) and a model was built considering the 
presence of aluminium as substrate (n and k from database), an aluminium/aluminium oxide 
barrier layer at the pore base (EMA) and a uniaxial transparent layer as the PAA membrane 
(Cauchy layer). 
As seen in Chapter 3 nucleation of pores does not occur with a voltage as low as 25 V. For 
this reason one aluminium substrate was first anodized with a linear decreasing voltage from 53 V 
to 25V in 180 seconds and then the voltage was maintained at 25 V for the remaining 720 seconds 
allowing pore development. In the ellipsometrical fitting an extra top uniaxial PAA layer with 
different optical properties was introduced to simulate the nucleation layer.  
Thicknesses of PAA membranes resulting from both fittings were compared with 
thickness obtained from SEM images and contact profiler measurements. As a result of 
ellipsometrical fitting ordinary and extraordinary refractive indices were obtained for PAA 
membranes anodized under constant voltage at 53 V and 25 V according to Cauchy equation [eq. 
7.11]. 
 
7.2.3 Reflectance 
 
Samples for reflectance measurements were anodized using a periodic voltage according 
to procedures explained in section 7.2.1. A total anodization time of 10 hours was chosen in order 
to increase the intensity of the resulting peaks, multiplying the repetitive unit in the Bragg stack. 
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Fig. 7.6 compares the top view of a 10 hour periodically anodized PAA membrane (171 cycles, i.e. 
repetitive units) before pore opening (Fig. 7.6 a) and after pore opening in 5% H3PO4 for 60 
minutes (Fig. 7.6 b). 
 
 
      a)                   b) 
Fig. 7.6: top view SEM images of a sample periodically anodized for 10 hour (a) before etching and (b) 
after.   
 
SEM images of the top view showed pore already open (Fig. 7.6 a), whereas etching determined a 
collapse in the structure (Fig. 7.6 b). Therefore no pore opening was performed on 10 hours 
anodized samples. The effect of etching on the 10 hour anodized structure does not agree with 
the results presented by Wang et al. [19]. However, as slightly different etching procedure was 
used in the paper, results are not directly comparable.  
Reflectance on a 10 hour constant 40 V anodized sample and a branched sample were 
also measured using an integrating sphere (ISP-REF integrating sphere, Ocean Optics, property of 
HPlabs Bristol). The use of an integrating sphere allows the collection of all light scattered by the 
sample during reflectance measurement. As a consequence the intensity of the signal increases. 
The resulting spectra were compared with reflectance spectra obtained using the ellipsometrical 
setup. In the ellipsometer reflectance spectra (270-1600 nm, step of 10 nm) were measured using 
p-polarized light with an angle of incidence of 15°, 25°, 35° and 45°, and collecting the light with 
all polarizations. In addition a 10 hour anodized necked sample was measured in transmittance 
after removal of the aluminium substrate using saturated CuCl2.  
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7.2.3.1 Reflectance modelling using Matlab 
 
A code simulating reflectance from a Bragg stack was prepared using Matlab (see 
Appendix C). The program considered a multilayer system of defined thickness and refractive 
indices as shown in Fig. 7.7.  
 
 
Fig. 7.7: Bragg stack made of a N-repetitive units of two layers of different thickness and refractive indices 
n1 and n2. The top layer is air while n3 is the refractive index of aluminium.  
 
In Fig. 7.7 the Bragg stack is formed by a repetitive unit made of two layers (in green and 
purple) with different thicknesses and refractive indices n1 and n2. The unit is repeated N times 
increasing the intensity of the signal. The top layer of the structure is supposed to be made of air 
(n0), whereas the substrate is aluminium (n3). Reflectance is considered at each interface and a 
matrix is built considering the change in amplitude and phase of the waves. The matrix is based 
on [23]  
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which represents the matrix for an interface between material 1 and 2. in
~
 is iin sin  and 
changes from in-plane to out-of-plane waves, whereas   is the phase. All matrices, each 
corresponding to an interface, are then multiplied in order to obtain a matrix for the whole 
structure. From this matrix reflectance can be calculated remembering that  
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The Matlab code is based on the theory of reflectance for a Bragg stack and allows 
calculation of reflectance spectra in plane and out of plane for different angles of incidence. As 
default the system uses a constant index for air, whereas the values of n3 versus wavelength for 
aluminium are taken from the ellipsometer database. The input values are thickness of the layers 
1 and 2, the number of repetition N and the refractive indices n1 and n2. These values are 
obtained from ellipsometrical measurements on PAA anisotropic membrane anodized at constant 
voltage. As previously mentioned two values of refractive index, one in-plane (ordinary) and the 
other out-of-plane (extraordinary) are obtained for each PAA membrane. As it is impossible to 
determine an effective refractive index to use in the Matlab code from two independent ordinary 
and extraordinary refractive indices, all simulation spectra suppose an incident angle of 0° so that 
only the A and B coefficients of the Cauchy layer in-plane are considered. Simulated spectra are 
then compared with actual reflectance spectra of periodic anodized PAA membrane taken at 15°, 
25°, 35° and 45°. Slight changes in peak positions between simulation and real data are expected 
because of the difference in the incident angle.   
 
7.3 Results 
 
Results are presented in five sections. In the first section reflectance spectra of samples 
anodized at a constant and a periodic voltage, measured using an integrating sphere and an 
ellipsometrical setup, are compared. Then, ellipsometrical measurements on samples anodized at 
constant voltage, 15 minutes, are used to obtain the value of the refractive index for PAAs made 
of aluminium oxide/hydroxide. The third section compares the simulated and measured 
reflectance spectra of samples subjected to periodic anodization that induces branching of the 
pores. The fourth section regards necked samples and how reflectance changes with anodizing 
temperature, whereas the last section qualitatively compare reflectance of branched and necked 
samples when a solution with a specific refractive index penetrates inside the pores.  
 
 
7.3.1 Integrating sphere 
 
Fig. 7.8 shows reflectance spectra of a sample anodized at 40 V for 10 hours (a) and a 
branched sample (b) measured using an integrating sphere. After nucleation the branched sample 
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was anodized with a linear decrease in the voltage from 53 V to 23 V in 180 seconds and a 
sinusoidal increase from 23 V to 53 V in 30 seconds repeated for 10 hours. 
 
a)               b) 
Fig. 7.8: reflectance spectra measured using an integrating sphere for a sample anodized at (a) constant 
voltage and a (b) branched sample. 
 
Both graphs in Fig. 7.8 show three curves: the black curve considers the total reflectance signal of 
the integrating sphere, hence it shows also the highest intensity; the red curve considers the 
scattering of light from the sample, whereas the green curve, which is obtained by difference of 
the previous curves, shows the reflectance coming directly to the sensor at almost 0° incident 
angle. As can be observed intensity is high but not 100% at any wavelength. Fig. 7.8 a) shows no 
peaks in the examined region confirming that there is no periodic structure in a PAA membrane 
anodized at constant voltage. By contrast two peaks are clearly visible in Fig. 7.8 b) due to the 
alternating branched-main pore layers, similar to the reflectance spectrum in a Bragg stack. Fig. 
7.9 shows the reflectance spectra for the same samples measured using the ellipsometrical setup. 
  
a)               b) 
Fig. 7.9: reflectance spectra measured using the ellipsometer setup for a sample anodized at (a) constant 
voltage and a (b) branched sample. 
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Fig.7.9 a) and b) confirm the observation made for Fig. 7.8 a) and b) even if the intensity of the 
signal is much lower. Nevertheless the peaks are clearly visible in Fig. 7.9 b) and no further 
measurements will be reported in which integrating sphere was employed. Finally it is important 
to notice a slight shift in the peak positions between the two measurements of the branched 
sample (Fig.7.8 b and Fig.7.9 b) as the incident angle of the light is different: almost 0° for 
integrating sphere, 15° for the ellipsometer setup. 
 
7.3.2 PAA membrane presenting branches  
 
In order to simulate the reflective response of a branched sample the refractive indices of 
the branched layer and the main pore layer, which constitute the Bragg repetitive unit, have to be 
determined. Therefore two samples anodized at constant 53 V and 25 V were measured using 
ellipsometry. The resulting refractive indices will be used as the refractive indices of the branched 
and main pore layer in the Bragg repetitive unit. Fig. 7.10 shows the ellipsometrical raw data and 
fitting at 70° incident angle for Ψ and Δ versus wavelength λ for both samples. 
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a)               b) 
Fig. 7.10: ellipsometrical results showing Ψ and Δ against wavelength for sample anodized at constant (a) 
53 V and (b) 25 V. 
 
As can be seen from Fig. 7.10 the fitting of ellipsometrical raw data shows almost a 
perfect match in Δ with a slight mismatch at short wavelength were the experimental 
measurement becomes less reliable. Although the fitting is not able to completely reproduce the 
amplitude in the oscillation of Ψ, it can reproduce the peaks position. The fitting could probably 
be improved introducing other graded layers and complicating the model. However, the aim of 
the analysis was to obtain the best possible fitting using a simple model which can be physically 
motivated by other investigation such as SEM. Fig. 7.11 reproduces the results of ellipsometrical 
measurement on the sample anodized at 53 V. 
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Fig. 7.11: ellipsometrical model for a PAA membrane anodized at constant 53 V for 15 minutes. The 
model consists of aluminium from database as substrate, an effective medium approximation layer to 
simulate the barrier layer at the pore base and an anisotropic uniaxial layer for the PAA membrane.  
 
The total thickness of the sample was measured using contact profilometry. The result 
was 4971±309 nm in agreement with the ellipsometrical model (4948±7 nm). In the anisotropic 
uniaxial layer two Cauchy layers were used to simulate the porous structure in-plane and out-of-
plane and two refractive indices (ordinary and extraordinary) were obtained (See Fig. 7.13 for 
results). 
Results of ellipsometrical measurement on the sample anodized at 25 V after nucleation 
are reproduced in Fig. 7.12. 
 
  
 
Fig. 7.12: ellipsometrical model for a PAA membrane anodized at constant 25 V for 720 seconds after 
nucleation (180 seconds). The model consists of aluminium from database as substrate, an effective 
medium approximation layer to simulate the barrier layer at the pore base, an anisotropic uniaxial layer 
for the PAA membrane developed at 25 V and an anisotropic uniaxial layer at the top with the same 
optical properties of PAA anodized at 53 V.  
 
As the sample was first anodized using a decreasing voltage (from 53 V to 25 V in 180 
seconds) a top anisotropic Cauchy layer with different optical properties is considered in the 
model. Its thickness was estimated around 500 nm from both SEM images and the charge passed 
in the growth. In the ellipsometrical model the same refractive indices obtained for the sample 
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anodized at 53 V were used for the nucleation layer, it is acceptable that the top layer is thinner 
(262±2 nm instead of 500 nm). The total thickness of the PAA membrane was measured as 
1770±83 nm using contact profilometry and matched the ellipsometrical model (1753±8 nm). Also 
for this sample two refractive indices (ordinary and extraordinary) are obtained from the 
coefficient A and B of the Chauchy layers (eq. 7.11). 
Fig. 7.13 shows the ordinary refractive indices (in-plane) (a) and the extraordinary 
refractive indices (out-of-plane) (b) for the two samples. 
 
 
a)               b) 
Fig. 7.13: (a) ordinary refractive indices in-plane and (b) extraordinary out-of-plane for a sample anodized 
at 25 V (after initial nucleation), black curves, and for a sample anodized at 53 V. 
 
Fig. 7.14 shows the trend voltage/current against time of a branched sample anodized 
according to the following procedure: 
- initial pore nucleation (from 53 V to 23 V linear decrease in 180 seconds, from 23 V to 53 V 
sinusoidal increase in 30 seconds) 
- repetitive cycles: from 53 V to 47 V linear decrease in 150 seconds, from 47 V to 25 V linear 
decrease in 60 seconds, then from 25 V to 53 V in 30 seconds in a sinusoidal manner. 
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Fig. 7.14: trend of voltage and current against time during anodization of a branched sample. The voltage 
varies between 53 V and 25 V. 
 
Total anodization time for the branched sample was about 10 hours and the procedure 
was similar to the branched sample already examined in Chapter 6. The only difference is the 
lowest value of the voltage which was 25 V instead of 23 V to avoid a zero current. As the current 
is almost zero at the lowest value of the voltage, the geometrical parameters measured and 
reported in Table 6.2 are considered applicable to this sample to a good approximation. Table 6.2 
is reproduced below for convenience as Table 7.1.    
 
Table 7.1: total length, pore diameter and interpore distance of a branches and straight pore layer 
obtained using SEM images and a 70° tilted stage. 
  Branched pore layer Straight pore layer 
total length [nm] 444±90 553±91 
pore diameter [nm] 30±7 42±9 
interpore distance [nm] 83±9 114±7 
 
The total length of the branched and main pore layers were used in the Matlab simulation 
together with the ordinary refractive indices from ellipsometry (Fig.7.13 a) to simulate a 
reflectance spectrum for this sample at 0˚ angle of incidence. Fig.7.15 shows the reflectance 
spectrum at 15° for the cyclic sample described above against the whole range of wavelength (a) 
and only in the visible range (b).  
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a)               b) 
Fig. 7.15: reflectance spectrum of a branched sample at 15° for the (a) whole range of wavelength and (b) 
focused in the visible range. 
 
The spectrum shows four distinct peaks at around 450 nm, 550 nm, 730-740 nm (double 
peak) and 1060-1100 nm (double peak) (Fig. 7.15 a). Reflection shows a gradual increase in the 
reflectance at wavelength just outside the visible range. As periodic anodized PAA membranes 
were designed to behave as reflector in the visible range, all spectra from this point on are plotted 
in the visible range. The sample presents a gold colour which is compatible with the presence of 
two peaks, one in the green range and one in the red range (Fig. 7.15 b).  
As peaks are not clearly spaced when reflectance is plotted against wavelength, Fig. 7.16 
shows reflectance against energy (a) and reflectance against energy obtained from the Matlab 
simulation (b).  
 
  
a)                      b) 
Fig. 7.16: comparison between experimental (a) and simulated (b) reflectance spectra for a branched 
sample. 
 
In the Matlab simulation the layer presenting branches has a thickness of 440 nm 
(according to Table 7.2) and the ordinary refractive index calculated from ellipsometry of a 25 V 
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anodized sample as it was supposed that branches develop when the voltage decreases. The pore 
main layer has a thickness of 550 nm and the refractive index calculated for the anisotropic 
uniaxial layer of a 53 V constant voltage anodized sample. Comparing Fig. 7.16 a) and b) two 
matching peaks can be identified. The intensity of reflection for frequencies higher than 3 eV is 
too low to show any relevant peak. Considering all the approximations made, it is remarkable that 
two peaks out of three in the Matlab simulation match experimental values. However, one peak 
evidenced by a red arrow is not present in the Matlab simulation or is shifted. A further 
observation should be made considering the refractive indices and the thickness of the branched 
and main pore layer. Comparing the multilayer structure with a quarter-wave stack and using 
equation 1.18 in chapter 1, the main reflectance peak of the branched structure should be located 
at longer wavelength (between 2200 nm and 3500 nm), far from the visible spectrum. Therefore 
the peaks measured and responsible for the colour of the samples are secondary reflectance 
peaks. The data available and used in the Matlab code do not allow the simulation of reflectance 
at such longer wavelength.  
A similar procedure was then used to predict the reflection spectrum of a branched 
sample anodized with a slight different procedure. Referring to current analysis in Chapter 6.3.2 
branches starts developing during the linear decrease in the voltage from 53 V to 47 V. One 
sample was then anodized with a constant voltage of 53 V instead of a linear decrease. Fig. 7.17 
shows a particular of the trend of the voltage and the current during the periodic anodization.  
 
Fig. 7.17: particular of the trend of voltage and current during anodization of a branched sample. The 
voltage fluctuates between 53 V and 25 V. 
 
Comparing the amount of charge transferred during each cycle and according to the 
hypothesis made, the main pore layer should have developed more as the voltage is maintained 
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longer at 53 V. Therefore it was supposed a thickness for the main pore layer of 750 nm, whereas 
the thickness for the branched layer was set at 530 nm. Fig. 7.18 shows Matlab simulation of 
reflectance for the branched sample (a) in Fig. 7.17 and the reflectance measurement on the 
sample (b). 
 
 
a)               b) 
Fig. 7.18: comparison between (a) simulated and (b) experimental reflectance spectra for a branched 
sample. 
 
As for Fig.7.16 the intensity of reflectance at frequencies higher than 3 eV is too low to 
identify any distinct peak. Four peaks in the simulation can be found in the real measured 
spectrum. Fig. 7.19 shows SEM cross section of the branched sample whose anodizing procedure 
is reproduced in Fig. 7.17. 
 
  
 
Fig. 7.19: SEM cross section images of a branched sample with an anodization segment at constant 53 V 
(see Fig. 7.17). Red circles evidence some branches fully visible in the structure. 
 
Although SEM images in Fig. 7.19 cannot be used for measurements, branches are visibly shorter 
than the branched layer imaged in Fig. 6.16 b).  
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Fig. 7.20 shows the anodizing voltage/current against time for a branched sample (a) and 
the reflectance spectra at different angles of incidence (b). This branched sample was anodized 
differently from procedures shown in Fig. 7.14 and Fig. 7.17: the linear decrease from 53 V to 49 V 
was reduced to 30 seconds with a consequent reduction in the shoulder.    
 
a)               b) 
Fig. 7.20: (a) anodizing voltage/current against time of a branched sample with a linear decrease from 53 
V to 49 V in 30 seconds and (b) reflectance spectrum of the sample at 15˚, 30˚ and 45˚ angle of incidence. 
 
This particular sample was chosen because its angular dependent reflectance was visible 
to naked eye as the sample was tilted. At almost 0° incident light it presents a red colour, which 
changes progressively to yellow and then green as the angle of incidence was increased. Fig. 7.20 
b confirms this observations showing how the multiple peaks shift with angle of incidence. 
However, the Matlab simulations cannot be run for angle of incidence different from 0˚, as the 
extraordinary refractive index has to be taken into consideration as well and development of 
equations that allow the calculation of an effective refractive index from an ordinary and 
extraordinary refractive indices are beyond the scope of this thesis. In addition it should be 
noticed that the intensity of the reflectance decreases as the angle of incident increases. As a 
consequence no reflectance peaks can be seen at angle higher than 45°.  
 
7.3.2.1 Refractive index of aluminium oxide/hydroxide 
 
Refractive indices from ellipsometrical measurements of PAA anisotropic membranes 
developed at constant 53 V and 25 V were also used to estimate the refractive index of aluminium 
oxide/hydroxide forming the matrix of the porous structure. As already seen in Chapter 4, the 
material forming the PAA membrane cannot be considered only aluminium oxide as it presents a 
much lower density and it has been suggested to be a mixture of oxide, hydroxide and defects. 
Therefore its optical properties are different from optical properties of crystalline aluminium 
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oxide from the literature. Using equation 7.12 and applying the geometrical parameters reported 
in Table 7.1, the refractive index of the solid components of the membrane can be obtained and 
compared to the refractive index of aluminium oxide. Fig. 7.21 shows the refractive indices for 
crystalline aluminium oxide as predicted from Palik and as calculated from ellipsometrical 
measurements of PAA membranes anodized at 53 V and at 25V. 
 
 
Fig. 7.21: refractive indices of aluminium oxide according to Palik (black curve), ellipsometrical results on 
a 53 V constant anodized sample (red curve) and on a 25 V constant anodized sample (green curve). 
 
Fig. 7.21 shows that there is a large difference between the refractive index of crystalline 
aluminium oxide and the material forming the PAA membrane. Both red and green curves belong 
to the matrix of PAA membranes and they should match if the aluminium oxide/hydroxide 
presents the same composition at different voltages. However, Fig. 7.21 shows two distinctive 
curves, suggesting that the presence of impurities and the ratio oxide/hydroxide depends on the 
voltage used during anodization. The fact that the composition of the matrix forming the PAA 
membrane depends on the anodizing voltage has been already suggested in literature because of 
the different etching time of mild and hard anodized PAA membranes. [24]  
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7.3.3 PAA membrane presenting necking  
 
Fig. 7.22 shows the trend of the current against time at different anodizing temperatures 
using the anodizing procedure that yields necked samples, already described in section 7.3.1. The 
temperature indicated is the average temperature recorded during the 10 hour anodization.   
 
Fig. 7.22: particular of the trend of the current during necking anodization at 19˚C, 21˚C and 27˚C. 
 
Fig. 7.22 shows an increase in the general value of the current during anodization as the 
anodizing temperature increases. A different value of the current implies a different PAA 
membrane growth rate, i.e. different lengths of segments with smaller and larger diameter. 
However, the limit in magnification of SEM does not allow a measurement precise enough to 
detect the different lengths of the segments forming the samples anodized at 19˚C, 21˚C and 
27˚C. 
Two further samples were anodized at 0°C and 40°C to investigate the limit of the 
increase/decrease in the current. Results (omitted) showed that at 0°C the current is so low that 
the sample presents a thickness of 9 µm after 10 hour anodization instead of ~60 µm. By contrast 
the current of the sample anodized according to the necking procedure at 40°C shows shoulders 
and branches.  
Fig.7.23 shows reflectance spectra for the three samples anodized at 19˚C, 21˚C and 27˚C in 
Fig.7.22.  
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Fig. 7.23: reflectance spectra in the visible range for sample anodized according to the necking procedure 
at 19˚C, 21˚C and 27˚C. 
 
Reflectance spectra for necked sample do not present multiple peaks but a broad stop 
band at a precise wavelength. The higher the anodizing temperature, the longer the wavelength 
at which the stop band is located. A change of 9˚C in the anodizing temperature is enough to shift 
the peak from blue to red. Fig. 7.24 shows pictures of the samples demonstrating the different 
reflectance. 
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Fig. 7.24: pictures of the necking samples showing the difference reflectance; from left to right the 
anodizing temperature was 19˚C, 21˚C and 27˚C. 
 
The necked sample anodized at 19°C shows a purple colour, the necked sample anodized 
at 21°C shows a green reflection, whereas the sample anodized at 27°C shows a orange/red 
colour. As previously mentioned the poor control of the temperature during 10 hours anodization 
limits greatly the investigation and the repeatability of the experiment. 
Fig. 7.25 shows the angle dependence of reflectance for necking samples anodized at 
19˚C (a), 21˚C (b) and 27˚C (c).  
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a)           b) 
 
c) 
Fig. 7.25: reflectance spectra at 15˚, 25˚, 35˚ and 45˚ angle of incidence for the necking samples anodized 
at (a) 19˚C, (b) 21˚C and (c) 27˚C. 
 
As for Fig. 7.19 b) there is a decrease in the intensity of the reflectance spectrum as the angle of 
incidence increases. The shift in the peak is also evident and it moves to shorter wavelength as 
the angle of incidence increases. 
A necked sample anodized at 21°C was also measured in transmission after removal of 
the aluminium substrate using saturated CuCl2. Fig. 7.26 shows the reflectance with and after 
removal of the aluminium substrate (a) and reflectance and transmittance spectra from 270 nm 
to 1600 nm for the necked sample (b). 
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a)               b) 
Fig. 7.26: (a) reflectance with and without the aluminium substrate and (b) transmission and reflectance 
spectra for a necked sample anodized at 21˚C after aluminium removal. 
 
The angle of incident light for both spectra is the same (15˚). The increase in the 
reflectance at wavelength just outside the visible spectrum already pointed out in Fig. 7.15 a) is 
not present in the reflectance spectrum without aluminium substrate (Fig. 7.26 a) and therefore it 
is associated with the reflectance of the aluminium substrate. In addition as can be seen from Fig. 
7.26 b) at the place where the reflectance spectrum shows a peak, the transmission spectrum 
shows a through.  
In conclusion the samples presented in Fig. 7.22 were anodized using the same periodic 
voltage but they show a shift in the reflectance peak to longer wavelengths due to the increase in 
the anodizing temperature which is responsible for the increase in the current. In order to prove 
this observation a sample was anodized at 21˚C with a different periodic voltage designed to 
avoid shoulders, and so branches in the membrane, but to obtain a higher value of the current 
during anodization. Specifically the voltage was periodically increased in a sinusoidal manner from 
27 V to 53 V in 60 seconds and then decreased exponentially from 53 V to 27 V in 80 seconds. Fig. 
7.27 shows the voltage/current against time during anodization (a) and the reflectance spectra 
measured from 270 to 1600 nm (b) for the sample periodically anodized between 53 V and 25 V 
and the necked sample anodized at 27°C already presented in Fig. 7.22. 
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a)               b) 
Fig. 7.27: (a) trend of voltage/current against time during anodization and (b) the reflectance spectra 
measured from 270 to 1600 nm of a necked sample whose anodizing voltage was designed to shift the 
reflectance peak position and the necked sample at 27 °C already presented in Fig. 7.22. 
 
The current (Fig. 7.27 a) shows no shoulders during the periodic fluctuations and a value 
which is always higher than the necked sample at 27 °C. The reflectance spectrum (Fig. 7.27 b) 
clearly shows the presence of one peak in the infrared region. Therefore it is possible to conclude 
that an increase in the current, and in turn an increase in the length of the segments with 
different diameters, is responsible for the shift of the peak to longer wavelength. 
 
7.3.4 Comparison branched/necking samples 
 
Optical properties of branched and necked samples were qualitatively compared 
observing the changes in the colour of the samples when a solution with a known refractive index 
was used to fill the pores. Due to the vertical stage in the ellipsometrical setup no measurements 
could be performed, so the analysis is only qualitative. PAA periodic anodized membrane were 
filled with water (n=1.3) and toluene (n=1.4). Table 7.3 summarizes the results. 
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Table 7.2: qualitative comparison between branched and necked sample when solutions of different 
refractive index are used to fill the pores. Air (n=1), water (n=1.3) and toluene (n=1.4) were chosen as 
sample solutions. 
    
air (n=1) water (n=1.3) toluene (n=1.4) 
branched 
sample 
  
      
necking 
sample 
19 °C 
      
21 °C 
      
27°C 
      
 
 
The main difference comparing branched and necked samples in Table 7.2 is that the first 
becomes transparent when filled with the liquids, whereas the necked samples shift their 
reflectance peak to longer wavelength. In particular the necked sample anodized at 19°C changes 
its colour from purple (air in the pores), to green (water in the pores), to yellow (toluene in the 
pores). The change in the colour is related to the difference in refractive index between the 
porous membrane and the liquid in the pore: as a liquid with a higher refractive index is used, the 
colour of the membrane shifts to higher wavelength. Results suggest that necked samples could 
be more effective as sensors than branched samples. No further conclusions can be made from 
these observations as no reflectance measurements were taken. In addition the solutions used do 
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not only fill the pores but they also spread on the surface contributing to scattering and making it 
difficult to estimate the shift in the reflection.  
  
7.5 Conclusion 
 
This chapter focused on the optical properties of periodically anodized PAA membranes 
designed to be used as reflectors in optical displays. All membranes were investigated in 
reflectance in the UV-Vis-IR range using an ellipsometer, as preliminary experiments showed that 
although the use of an integrating sphere improves the intensity of the signal, peaks are clearly 
visible and distinct using the ellipsometrical setup.  
One part of the chapter concerns PAA membranes presenting alternating layers of 
branched and straight pores. These structures resemble Bragg stack (see Chapter 1) and present a 
multipeak reflectance spectrum. The refractive index of each layer forming the repetitive unit of 
the Bragg stack was obtained using ellipsometrical measurements on PAA membranes grown at 
constant voltage, where the voltage was chosen at the extreme of the periodical anodization 
parameters. Together with SEM thickness of branched and main pore layers already presented in 
Chapter 6, the refractive index was then used in Matlab to simulate the reflectance spectrum of a 
repeating structure. The spectrum was then compared with reflectance measured on periodically 
anodized samples. Results show a good agreement between the real and the simulated position 
of the peaks considering the 15˚ difference in the angle of incidence.     
The second part of the chapter dealt with periodic PAA membrane presenting only a 
periodic change in diameter instead of branches. These samples present a strong correlation 
between reflectance peak position and anodizing temperature. It was found that temperature has 
a direct effect on the value of the current: although the same periodic potential was applied to 
different sample, the current increases as the anodizing temperature increases. A change of 9˚ in 
temperature can shift the peak along the whole visible range. It was also proved that the current 
is responsible for this shift as one sample anodized at 21˚ with a different necking anodizing 
procedure designed to increase the value of the current but avoiding the presence of branches 
presents a peak in the infrared region. 
Optical analysis in transmission were performed only on one necked sample as they 
confirmed the observations made for reflectance spectra with the advantage of avoiding the 
aluminium background reflectance.   
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7.6 Next 
 
The main problem which still needs to be solved is how we can obtain a single refractive 
index for the branched pore layer and the main pore layer starting from two refractive indices, 
one ordinary and one extraordinary. This is necessary to overcome the mismatch of the angle of 
incidence between simulations and measurement and moreover, to simulate spectra ad different 
angle of incidence than 0˚. In addition it would be interesting to see if the actual model can be 
used to replicate a reflectance spectrum of particular interest and to predict the geometrical 
values of the periodic PAA membrane able to present this spectrum.  
With regards to necked samples the relationship between temperature and reflectance 
peak position is still on a qualitative level and further analysis are necessary to establish a 
mathematical relationship. Matlab reflectance simulations for a Bragg stack cannot be used on 
necked samples as simulations predict the presence of multiple peaks which cannot be found in 
the measured spectra. The necked structure looks more similar to a 2D photonic crystal than a 
Bragg stack, however, it deserves a more extensive study especially if the refractive index does 
not change sharply along the main pore axis. The use of necked samples as sensor and not only as 
reflector can be of particular interest in practice but optical analysis using a horizontal setup are 
crucial.    
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Chapter 8: Stress and deformation in 
aluminium substrate  
 
This chapter concerns the influence of plastic deformation of the aluminium substrate on 
the anodization to form PAA. Typically the 99.99% pure aluminium foils used in PAA fabrication 
are annealed as part of the production process in order to yield uniform grain size and reduce the 
internal stress [1-2]. To investigate the effect of grain size and deformation on the 
electrochemical processes samples were stressed in different ways to introduce plastic 
deformation in the substrates. Results show a complicated relationship between stress, 
microstructure and pore development. Further analysis is necessary to clarify and quantify this 
relationship. 
 
8.1  Stress and deformation 
 
In materials science stress ( ) is defined as the ratio between a force (F ) acting on a 
surface and the area ( A ) of the surface 
A
F
 .          [eq. 8.1] 
If the force is applied normal to the surface the stress is either tensile or compressive, 
depending on the direction. If the force is applied parallel to the surface, then the stress is called 
shear stress ( ). Biaxial stress and hydrostatic pressure complete the four most common types of 
stress [3].  
A material subjected to stress and not able to move, reacts by changing its shape. There is 
a well-known relation between stress and deformation or strain ( ). When the stress applied is 
purely tensile or compressive the two quantities are related through the Young modulus ( E ) 
according to Hooke’s law 
 E .          [eq. 8.2] 
When only shear stress is applied then the sample responds with shear strain ( ): 
 G           [eq. 8.3] 
where G , the shear modulus is given by 
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 

12
E
G
          
[eq. 8.4] 
with   the Poisson ratio. 
Deformation in a material can be elastic or plastic. Equations 8.2 and 8.3 are valid only for 
elastic stress that is the material regains its original shape once the force is removed. By contrast 
in a plastic deformation the material is permanently deformed and part of the energy used to 
stress the material is stored in the matrix as deformation. The extent of deformation in a material 
depends on its ability to accommodate this energy moving or increasing the density of 
dislocations. [3-4]      
 
8.1.1    Compressive/Shear stress 
 
A rolling mill is a machine used to increase the hardness of a material using hot or cold 
mechanical working to reduce its thickness. The increase in hardness is caused by an increase in 
dislocations and reduction of grain size. As a consequence the brittleness of the material increase 
as well; therefore heat treatments are necessary to relax the structure. Usually no more that 20% 
of the original thickness is reduced on each passage through the mill.  
A manual rolling mill is a machine composed by two coaxial rolls with the same diameter 
separated by a gap, whose dimension can be controlled by the operator. The metal foil is 
positioned in contact with the gap and, as both rolls move, it is first compressed to fit in the gap 
and pushed out on the other side. Although the final thickness of the foil should depend on the 
size of the gap between the rolls, part of the deformation introduced is elastic, hence there is an 
elastic recovery as the stress is not applied after rolling. Fig. 8.1 shows a schematic of the 
machine. The neutral point, also called the no-slip point, is that for which no slip between the roll 
and the foil is allowed. A manual rolling mill is used for ductile materials of limited thicknesses. 
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Fig. 8.1: diagram of a piece of metal cold worked using a rolling mill. The two black curved arrows show 
the rotation direction while the bigger brown arrow indicates the movement of the aluminium foil. The 
neutral or no-slip point is indicated. 
 
The stress in the rolls is mostly compressive, whereas the metal foil is subjected to 
complex stress along its thickness. Generally shear stress is predominant on the surface but the 
distribution between compressive and shear stress depends on the thickness of the foil. 
The state of the surface of the rolls plays an important role in the process because it can 
introduce defects into the foil. In addition the rolls need to be made of hard materials which do 
not deform under compression [5] and temperature. Usually lubricant is used to reduce the 
friction between the rolls and the piece of metal. 
  
8.1.2    Tensile stress 
  
A tensile stress tester is a basic instrument in material science used to determine the 
relation between stress and deformation. The machine has a vertical setup with an upper and 
lower clamp. Each end of the sample, which usually is made in a dog bone shape, is inserted in 
one of the clamp and then the clamps start pulling the sample (Fig. 8.2).  
 
Neutral point 
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Fig. 8.2: diagram of an aluminium foil subjected to pure tensile stress. The two brown arrows show the 
direction of the force applied while the dash line indicated that the sample tend to neck when it is 
plastically elongated in order to conserve the mass. 
 
The deformation can be performed under displacement or rate control, depending if the 
position or the speed of the clamps is controlled. Fig.8.3 shows a typical stress/strain diagram. 
 
Fig. 8.3: Example of a diagram stress/strain displaying the behaviour of a metal during a tensile stress 
test. Yield strength (σy), tensile strength (σTS) and fracture point are shown. The slope of the initial linear 
part of the curve gives the Young modulus of the sample.  
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Initially the sample deforms elastically until reaching the yield strength ( y ); in this initial 
part Hooke’s law (equation 8.1) can be applied. After this point the sample starts deforming 
plastically until a neck appears at the tensile strength ( TS ) of the material.  At this point the area 
over which the force is acting is reduced and the stress increases with strain. However, the 
change in the area is unpredictable and difficult to measure during the test. Therefore it is usual 
to normalize the force to the initial area for the whole test, represented in the curve of the 
apparent stress. Fig. 8.3 shows the apparent stress for a ductile material: after necking the 
apparent stress decreases until final fracture of the sample. 
In order to have a complete stress/deformation diagram the test has to carry on until 
breaking point. However, if only a certain plastic deformation is required, then it can be stopped, 
for example, where the clamps have moved to a specific position corresponding to the desired 
deformation.  
 
8.2  Stress and pore development 
 
The influence of tensile stress on pore ordering during anodization was investigated by 
Sulka et al.[6]. However, the effect of deformation produced in the substrate before anodization 
has not been studied.  
The literature suggests the involvement of stress in pore distribution [7-9], with the 
hypothesis that pores are formed in relieving the stress developed owing to the mismatch 
between the different volumetric expansion of alumina and aluminium [10-11]. Given the 
different density of aluminium ( Al  = 2.7 gcm
-3) and aluminium oxide (
32OAl
 = 3.72 gcm-3) and 
the different molecular weight ( AlMM  = 26.98 gmol
-1 and 
32OAl
MM = 101.966 gmol-1), 1 cm3 of 
Al contains 
Al
Al
MM

moles of Al atoms. When 1 cm3 of Al is converted into aluminium oxide, then 
the volume contains 
Al
Al
MM2

moles of Al2O3 which weight 
Al
OAlAl
MM
MM


2
32

grams. This amount 
presents a volume equal to 
32
32
2 OAlAl
OAlAl
MM
MM




cm3. In conclusion 1 cm3 of aluminium corresponds 
to 1.37 cm3 of aluminium oxide giving a volumetric expansion coefficient of 1.37. 
 In addition to the expansion coefficient, aluminium and aluminium oxide have different 
mechanical properties, such as Young’s modulus: the value reported for aluminium oxide is 353 
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GPa while for aluminium is only 69 GPa. Aluminium oxide as a ceramic material is less resistant to 
tensile stress than aluminium, nevertheless its compressive stress resistance is much higher (2100 
MPa). 
 As we have already seen (see Chapter 3) the first layer of aluminium oxide on the surface 
is a compact thin substrate. Since aluminium oxide and aluminium have different expansion 
coefficients and mechanical properties stress develops inside the structure during anodization 
and increases as the thickness of the alumina layer increase. Some authors [10-11] suggest that 
pores start forming on the surface of the oxide and as a mean of reducing the stress. 
 
8.2.1    Electrocrystallisation 
 
As discussed in Chapter 3 in the thermodynamics of pore nucleation the overpotential 
applied influences the critical radius of the new phase and determines the possibility of PAA 
growth. Although the potential is the main factor in oxide nucleation, it is not the only parameter 
which can have an influence on the electrochemical process. As in electrodeposition (which has 
been discussed in chapter 6) the substrate surface needs to present lattice sites favourable for 
incorporation of atoms of the new phase. In addition during an electrochemical process the 
adsorption does not always result in a neutral atom incorporated in the new phase but the 
species can maintain part of its hydration sphere: these species are called ad-ions [12].    
 During nucleation of monolayers the initial centres are spread all over the surface and 
they grow as disks until they merge together. [12] In case of heterogeneous nucleation the nuclei 
are preferentially located in an area of the sample where there is, for example, a concentration of 
the electric field or of active sites. The trend of the current during monolayer growth in not 
dissimilar to the current fluctuations recorded during PAA membrane anodization (an example in 
Fig. 8.9). Supposing that the limiting step in the growing process is the incorporation of atoms in 
the expanding nucleus then the current density ( I ) is expressed by [12]  
2
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         [eq. 8.5] 
where A  is the constant rate of nucleation, oN  
the number of active sites under particular 
experimental conditions, k  is the rate of incorporation, ,,hM  the mass, height and density of 
the nuclei, Fn,  electrochemical parameters and t  the time. Equation 8.5 is valid until the nuclei 
start merging and interacting. The process is similar to Volmer-Weber model for polycrystalline 
films where discrete clusters of islands merge together forming a continuous thin film [13]. During 
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island coalescence three stages of stress occur: compressive stress, tensile stress and then 
compressive stress again. The initial compressive stress is explained as a result of different lattice 
space between the crystal bulk structure and the new phase. Afterwards the islands merge and 
the stress becomes tensile as the islands spontaneously deform to close the gaps forming a 
continuous film. This trend is led by a reduction in the net free energy when free surfaces are 
replaced by interfaces with lower energy. After coalescence the tensile stress decreases not only 
because of relaxation but also because of material flux towards the grain boundary. This stress 
evolution during polycrystalline growth of thin film is not applicable to PAA development because 
of its amorphous nature. However, similarities remain as the development of tensile stress in the 
structure because of gap filling which can happen in an amorphous layer as well. 
     
8.3  Experimental  
 
In order to investigate the influence of plastic deformation in the substrate on pore 
distribution samples were deformed using constrained (shear/compressive) and unconstrained 
(tensile) stresses. The as-prepared samples were then processed electrochemically and the 
resulting PAA characterized.  
   
8.3.1    Deformation introduced in substrates prior to 
anodization 
 
The samples made of aluminium and used during the experiments are not affected by any 
specific stress since they were annealed after being processed. In order to investigate the 
influence of stress on pore distribution and development some samples were pulled or rolled over 
their plastic limit prior to polishing and anodization. Since aluminium is a ductile material, a 
manual rolling mill and a tensile stress tester were chosen to stress the substrate. 
 
8.3.1.1    Rolling mill test 
 
In a manual rolling mill there is no control on the velocity of the rolling. In addition no 
lubricant was used. The aluminium foil used had an initial thickness of 0.25 mm which was 
reduced to 0.1 mm after cold rolling. The decrease in thickness was compensated by an increase 
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in the length of the sample. In order to calculate the percentage of plastic deformation introduced 
in the foil the difference between the initial ( it ) and final ( ft ) thickness was compared  
%
i
if
t
tt 
 .          [eq 8.6] 
The resulting deformation was ca. 60%. Although there were no visible changes on the surface of 
the aluminium, the hardness of the foil increased after the cold rolling process.  
  
8.3.1.2    Tensile stress test 
 
A Zwick/Roell tensile stress tester was used to pull the aluminium foil. Preliminary 
experiments proved that a foil 0.25 mm thick could not be firmly gripped by the clamps resulting 
in the stress introduced in the sample being irregularly distributed and irreproducible 
force/displacement curves. As a consequence an aluminium foil 2 mm thick (Alfa Aesar, 99.99% 
Al, annealed) was specially ordered. A normal anodization (40 V for 1 hour in oxalic acid) was 
performed on a piece of the sample to test the response in the current. Results obtained did not 
differ from an aluminium foil 0.2 mm thick and SEM analysis confirmed the regular distribution of 
the pores. 
The foil was cut in pieces (25x50 mm) and tensile stressed in position controlled mode 
(imposing a rate of 5 mm/min). Since fracture could compromise stress distribution in the sample 
and uncontrolled cracks could propagate on the surface reducing the area available for 
anodization, the test was programmed to stop after an elongation of 15 mm, corresponding to 
30% plastic deformation.  
After stressing the sample was less reflective and displayed initial necking in the middle.  
 
8.3.1.3    Electron Back-scatter Diffraction (EBSD) 
 
Electron Back-scatter Diffraction (EBSD) is a technique to measure the grain orientation in 
a crystalline material using the signal of backscattered electrons in an SEM [14-15]. It can also be 
used to identify the crystal structure of a sample or to assess the deformation in a material of 
known crystalline structure [16-17]. 
The conductive specimen surface is tilted at an angle between 70° and 80° (in our case 
75°) in order to reduce the absorption of electrons and increase the signal from backscattered 
electrons. The electrons coming from the SEM beam interact with the crystalline structure of the 
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sample and, once ejected, leave diffraction pattern on a phosphor screen [18] interfaced with a 
low light camera. At this point the Kikuchi diffraction pattern can be compared with the 
diffraction pattern of known crystalline structures, and the grain orientation can be defined 
(Fig.8.4).  
 
 
Fig. 8.4: diagram of an electron back-scatter diffraction analysis (EBSD). A beam of electrons hits the 
sample and is backscattered on a phosphor screen where it forms a diffraction pattern which is recorded 
and analysed to determine the grain orientation in the sample. 
 
If the structure of the sample analyzed is known, then the comparison can give 
information about deformations and treatments which the sample underwent before the analysis 
[19]. If the structure of the sample is unknown then the comparison allows the operator to 
identify the crystalline structure of the material only if no treatments or deformation are present. 
Comparison with computer generated diffraction pattern is also possible.       
A way to present this comparison is as pole figures. When the crystal structure of the 
sample is known, a pole figure is used for each of the three main direction of the 3D structure 
defined by the Miller indices. In each pole figure the orientation measured for each surface point 
of the sample is represented with a point on the figure. A random distribution of points in a pole 
diagram implies a random orientation of the grains, while a group of points in a particular position 
in the figure means preferential orientation of the grains. 
 An unstressed substrate, a tensile stressed substrate and a shear/compressive stressed 
substrate were analyzed using electron back-scatter diffraction (EBSD). All the samples were first 
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polished in a 1:4 70% perchloric acid and 99.7% ethanol solution at 20 V for 5 minutes and then 
mounted on a 75° SEM stub specific for EBSD analysis. A random area on the sample was chosen 
for the scan.    
 
8.3.2    Anodization 
 
The plastic deformed substrates were polished according to the same procedure used for 
the normal substrates. First, all the substrates were immerged into 3 M NaOH solution for 20 
seconds, then washed with pure water and embedded in the Teflon cell. A solution of 1:4 70% 
perchloric acid and 99.7% ethanol was used for electropolishing at 20 V for 15 minutes. The trend 
of the current during electropolishing for the stressed substrates resulted in similarities to the 
unstressed samples only the surface roughness due to the plastic deformation introduced in the 
tensile stressed sample was still evident after the electropolishing process. The cell and the 
substrates were then washed with deionised water, dried and anodization was performed. The 
anodization was carried out at 40 V in 0.3 M oxalic acid for different times. The current was 
recorded (Keithley 2400), and the oxalic acid was collected in specific cases for ICP-EOS analysis.  
At the end of the anodizing process the PAA membrane were washed with pure water 
and etched for 40 minutes in 5% H3PO4 for pore opening before being analyzed using SEM.  
 
8.3.2.1    ICP-OES 
 
An inductively coupled plasma optical emission spectrometer was employed to determine 
the amount of aluminium released into solution during anodization. Five calibration solutions 
were prepared using aluminium standard solution (1000ppm, Aluminium ICP/DCP, Fluka 
Analytical, 100 mL, 10102 µg/mL of Al in 1-4 wt% HCl) at the following concentration: 
- Blank solution (2 M HCl) 
- 1 ppm (50 µL of Al standard solution in 500 mL of 2 M HNO3) 
- 5 ppm (250 µL of Al standard solution in 500 mL of 2 M HNO3) 
- 10 ppm (500 µL of Al standard solution in 500 mL of 2 M HNO3) 
- 15 ppm (750 µL of Al standard solution in 500 mL of 2 M HNO3) 
Two calibrations were performed and the linearity of the fitting was checked before carrying out 
the analysis. Calibration results are shown in Fig.8.5. 
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a)               b) 
Fig. 8.5: ICP calibration fitting: five concentrations of Al standard solution in HCl at specific concentrations 
(0, 1, 5, 10 and 15 ppm) were used to check the linearity of the calibration before performing the 
measurement. All measurements were taken at a wavelength of 1670 nm. 
 
The analysis was performed at 1670 nm on three sample solutions: oxalic acid after 1 hour 
anodization of a normal sample, oxalic acid after about 300 seconds anodization of a tensile 
stressed sample and after about 100 seconds anodization of a shear/compressive stressed 
sample. 
 
8.4  Results  
 
The results and discussion section is divided into two parts. The first part summarizes the 
outcome of EBSD, optical profilometry (ZYGO) and AFM analysis on the plastic deformed 
substrates before anodization whereas the second part presents the results of anodization.  
 
8.4.1    Substrates analysis results 
 
Tensile stressed and shear/compressive stressed substrates were analyzed using electron 
back-scatter diffraction (EBSD) and atomic force microscopy (AFM) in order to identify changes 
in the crystalline structure and surface morphologies respectively. Analysis was performed on an 
unstressed aluminium sample as well as the stressed sample. 
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8.5.1.1    EBSD 
 
Fig. 8.6 compares the EBSD orientation maps of an unstressed (Fig. 8.6 a and b), tensile 
stressed (Fig. 8.6 c and d) and shear/compressive stressed (Fig. 8.6 e and f) samples. Maps of the 
grain structures (Fig. 8.6 a, c and e) are aligned on the left while the corresponding pole figures 
(Fig. 8.6 b, d and f) are aligned on the right. 
 
 
Fig. 8.6: the left column present maps of the grain structure for unstressed (a), tensile (c) and 
shear/compressive (e) aluminium substrates. The grains in each map are coloured depending on the 
information carried by the backscatter electrons coming from that precise area. The right column 
represents pole figures for unstressed (b), tensile (d) and shear/compressive (f) aluminium substrates. 
The crystal orientation of each substrate is compared with a face-centre cubic orientation represented by 
the three planes identified using the Miller indices {100}, {110} and {111}.  
 
EBSD maps of grain structure show a sudden change in the orientation between two points with a 
marked change in the colour, while fine black lines are indicative of well defined grain boundaries. 
Fig. 8.6 a) shows the grain map of an unstressed aluminium substrate. The grains have an average 
size of more than 100 µm and grain boundaries are clearly visible between grains. Fig. 8.6 c) 
{100} {110} {111}
{100} {110} {111}
{111}{110}{100}
100µm
100µm
50µm
a) b)
c) d)
e) f)
234 
 
shows the grain structure of a tensile stressed sample. Grains of about 100 µm size show a slight 
diagonal elongation and some poorly defined lines in the same direction. These lines are not 
distinct and they can be attributes both to subgrains nucleation or surface roughness. Grain 
boundaries are well defined. Fig. 8.6 d) shows the grain structure for a shear/compressive 
stressed substrate. The average grain size is less than 10 µm and grain boundaries are dark, thick 
and blurry. This occurs when the deformation is so high that the orientation cannot be 
determined [14, 20] so the areas cannot be indexed. The grain structure of an unstressed 
aluminium (Fig.8.6 a) and a tensile stressed aluminium (Fig.8.6  c) show a similar average grain 
size and defined grain boundaries, whereas the grain structure of a shear/compressive aluminium 
substrate (Fig. 8.6 e) shows smaller grains and undefined grain boundaries. 
 Fig. 8.6 b) and d) show the pole figures for an unstressed aluminium and a tensile stressed 
aluminium substrate respectively. Both do not display any prevalent grain orientation in the area 
examined. Fig. 8.6 f) shows the pole figures for a shear/compressive aluminium substrate. The 
pole figure evidences a preferential orientation of the structure.  
On the purchased substrate the aluminium grains are of the order of magnitude of 
hundreds of microns, tensile deformation did not change the original microstructure in a clear 
way, whereas both map and pole figures for a shear/compressive stressed substrate shows a 
microstructure heavily deformed with smaller grains and evident preferential orientation. 
      
8.4.1.2    Optical profilometry and AFM analysis 
 
EBSD analysis provided information on microstructure and crystal orientation but other 
techniques are necessary to investigate surface modifications. Optical profilometry on an area of 
0.36x0.27 mm was employed to compare an unstressed substrate and a tensile stressed sample. 
Results are presented in Table 8.1; six measurements were carried out on different areas 
calculating the arithmetic average of absolute values (Ra), the root mean squared (Rrms) and the 
maximum peak height (Rp). 
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Table 8.1: Results of surface measurements for an unstressed substrate and a tensile stressed substrate 
using an optical profiler. The values of arithmetic average of absolute values (Ra), root mean squared 
(Rrms) and maximum high peak (Rp) are given. 
  unstressed substrate 
measurement 1 2 3 4 5 6 
Ra           [µm] 1.48 1.05 6.48 1.06 1.00 2.22 
Rrms      [µm] 1.82 1.33 7.95 1.30 1.25 2.78 
Rp           [µm] 14.11 13.08 38.52 11.21 13.09 16.86 
  tensile stressed substrate 
measurement 1 2 3 4 5 6 
Ra           [µm] 1.84 1.83 1.99 5.44 2.53 2.48 
Rrms      [µm] 2.91 2.30 2.54 6.60 3.25 3.24 
Rp           [µm] 13.16 21.91 25.36 42.73 22.18 31.31 
 
After comparing the values shown in Table 8.1 we can conclude that there is no difference 
between the two samples based on the arithmetic average of absolute values. The higher values 
of root mean squared roughness for the tensile stressed substrate indicates a higher difference in 
height between peaks and troughs in this sample and is consistent with the higher values for 
maximum high peaks. 
As seen in Table 8.1, optical profilometry surface measurements are in the range of 
microns, but during anodization surface interaction are not limited on a micron scale. Therefore, 
in order to gain information on a smaller scale, atomic force microscope (AFM, tapping mode) was 
used on 1x1 µm area of an unstressed substrate, a tensile stress substrate and a 
shear/compressive stressed substrate. Fig. 8.7 reproduces the results of a 2D AFM scanning on 
the three substrates: Fig. 8.7 a) for an unstressed sample, Fig. 8.7 b) for a tensile stressed sample 
and Fig. 8.7 c) for a shear/compressive stressed sample.     
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                a)                                            b)                                               c)  
Fig. 8.7: 2D AFM images of an (a) unstressed substrate, (b) a tensile stressed substrate and (c) a 
shear/compressive substrate. The area examined is 1x1 µm for all the samples. 
 
The image in Fig. 8.7 a) for an unstressed substrate, has been reported in Chapter 3 when 
discussing pore nucleation. In this case it is used as an example of the surface structure of an 
aluminium substrate as-purchased. Fig. 8.7 b) shows the surface structure of a tensile stressed 
sample. The surface presents linear parallel trenches with an average distance of 100 nm. Fig. 8.7 
c) shows the surface structure of a shear/compressive substrate. The surface presents circular 
shallow features. Blurry scan lines are due to vibrations during the measurement.  
 Data in Fig. 8.8 emphasize the difference in the surface structure between the tensile 
stressed and shear/compressive stressed substrate. 
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a)        b) 
Fig. 8.8: 3D AFM images comparing the surface of (a) a tensile stressed substrate and (b) a 
shear/compressive stressed substrate. 
 
In both cases the height of the superficial structures (trenches or circular shape) is of the order of 
nanometers. 
   
8.4.2  Current during anodization 
 
Fig. 8.9 compares the current during anodization of an unstressed substrate (Fig. 8.9 a) 
and a shear/compressive stressed substrate (Fig. 8.9 b) both anodized for 1 hour. 
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 a)               b) 
 
c)               d) 
Fig. 8.9: fluctuations of the anodizing current for an unstressed substrate (a) in linear scale and (c) 
logarithmic scale  and a shear/compressive stressed substrate (b) in linear scale and (d) logarithmic scale. 
In both case the anodizing time was 1 hour.  
 
The samples show a similar response. They have the same fluctuations and values of 
current. SEM images confirmed there was no difference in pore size or distribution between such 
samples.  
Fig. 8.10 shows the current during anodization for a tensile stressed sample.  
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Fig. 8.10: graph showing the fluctuation of the current during anodization at 40 V for a tensile stressed 
aluminium substrate. 
 
The current starts decreasing initially until a value of 20 mA, which is 4 to 10 times higher than the 
corresponding value for an unstressed and shear/compressive sample. Then the current increases 
again until 50 mA showing evident fluctuations which usually are a sign of gas evolution or surface 
detachments. At the end the values of the current decrease again progressively towards 20 mA.  
The experiment was stopped after about 400 seconds because the oxalic acid used, 
initially transparent, turned translucent during the anodizing process. During other experiments 
the anodization was left to proceed until the white particle responsible for making translucent the 
oxalic acid redissolved again in the solution. A tensile stressed sample was anodised for about 300 
seconds and the translucent oxalic acid collected for ICP measurement (see Section 8.4.2.2). 
 
8.4.2.1    Thickness comparison 
 
Since shear/compressive and tensile stressed anodized substrates present different 
values of the current (Fig. 8.9 b and Fig. 8.10), using the same anodization time will not give the 
same thickness of the PAA membrane. In fact Faraday’s law [21] states that 
tIzw           [eq. 8.7] 
that is the material (w ) resulting from an electrochemical reaction is calculated knowing its 
electrochemical equivalent ( z ) and the amount of charges ( tI  ) involved in the reaction. The 
amount of charges involved in the anodizing reaction is in turn calculated as the area underneath 
the current-time curve, in fact 

2
1
t
t
IdtQ            [eq. 8.8] 
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where Q  is the charge in Coulomb, 1t  is the initial time, 2t  is the final time, I  is the current and 
t  is the time. Fig. 8.11 compares two current curves recorded during anodization for different 
time of a tensile (red curve) and shear/compressive (black curve) stressed samples. 
    
Fig. 8.11: graph comparing the fluctuation of the current for a tensile (red curve) and shear/compressive 
(black curve) stressed sample. Both the curves have the same area in that the same amount of charges 
involved in the anodizing reaction. 
 
Two samples, a tensile stressed and a shear/compressive stressed were prepared using an 
anodization charge of ~11.6 C, see Fig. 8.11, and their structure compared. If the same percentage 
of charge is converted in oxide layer for both the samples, they should have the same thickness of 
porous alumina membrane given the same porosity. Fig. 8.12 compares SEM cross section of the 
tensile (Fig. 8.12 a) and shear/compressive (Fig. 8.12 b) stressed samples whose anodization 
curves are shown in Fig. 8.11. 
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a)                 b) 
Fig. 8.12: SEM images of the oxide layer (a) on a tensile stressed aluminium substrate and (b) on a 
shear/compressive stressed aluminium substrate. 
 
The SEM images reported in Fig. 8.12 show cross sections of PAA membranes visible from cracks 
deliberately introduced in the substrate while cutting them. Fig. 8.12 suggests that the thickness 
of the PAA membrane grown on the two substrates is different. The PAA membrane grown on a 
tensile stressed substrate (Fig. 8.12 a) is much thinner than the PAA membrane grown on a 
shear/compressive stressed substrate (Fig. 8.12 b). Nevertheless the images are not taken at 90°, 
therefore they cannot be used to accurately measure the thickness of the oxide layer.  
In order to compare the pore ordering from top view images of anodized tensile and 
shear/compressive stressed samples, Fast Fourier Transform (FFT) analysis were performed. A FFT 
is an algorithm used to calculate the Discrete Fourier Transform (DFT) which, in our case, 
transforms each point of the SEM images from the spatial domain to the frequency domain. 
When a frequency is assigned to each point the image is reproduced in a frequency 
representation where the average brightness of the image is located in the middle and the 
frequency increases radially. Fig 8.13 a) and b) represent the logarithmic transformation of the 
magnitude of the original SEM images obtained using the software Imagej. Fig. 8.13 a) shows the 
FFT transform of a top view SEM images of a PAA membrane grown on a tensile stressed 
aluminium while Fig. 8.13 b) shows the FFT transform of a top view SEM images of a PAA 
membrane grown on a shear/compressive stressed aluminium. 
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a)                 b) 
Fig. 8.13: Fast Fourier Transform images (FFT) of SEM top view images of a PAA membrane (100 kX) 
grown (a) on a tensile stressed substrate and (b) on a shear/compressive substrate.  
 
When using FFT a perfectly regular pattern in an SEM image is converted into bright spots located 
in precise positions with the centre of the representation behaving as centre of inversion. Fig. 
8.13 a), corresponding to a PAA membrane anodized on a tensile stressed substrate, displays two 
circles sharper than the image corresponding to a PAA membrane anodized on a 
shear/compressive substrate (Fig. 8.13 b). Neither of the FFT images presented in Fig. 8.13 shows 
a perfect arrangement of pores; nevertheless sharper features on a FFT representation are usually 
construed as signs of an increase in the long range order of the structure examined.  
  
8.4.2.2    ICP-OES results 
 
Aluminium detected in the sample solutions can be attributed to two different processes: 
direct ejection of ions into solution and dissolution of aluminium oxide. Table 8.2 shows the 
amount of aluminium detected by ICP-OES in the oxalic acid after different anodization time of an 
unstressed, tensile and shear/compressive stressed substrates.  
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Table 8.2: ICP results for aluminium present in oxalic acid after 1 hour anodization of an unstressed 
aluminium substrate, after ~300 seconds anodization of a tensile stressed aluminium substrate and after 
~100 seconds anodization of a compressive/shear stressed aluminium substrate.  
  
Average 
[ppm] 
Standard deviation 
[ppm] 
Anodization time 
[sec] 
unstressed sample 30.46 2.93 ~3600 
tensile stressed 
sample 
25.08 3.49 ~300 
compressive 
stressed sample 
-0.0029 0.0028 ~100 
 
The amount of aluminium detected for an unstressed aluminium substrate anodized for 1 
hour is over the highest calibration solution chosen. During anodization of a tensile stressed 
aluminium substrate the oxalic acid changed from transparent to translucent with visible white 
particles dispersed. After the suspension was collected in a vial, the white particles dissolved 
again into the acid. Table 8.2 shows the amount of aluminium detected in the oxalic acid used to 
anodize a tensile stressed aluminium substrate for 300 seconds. The amount is comparable with 
the aluminium detected for an unstressed sample where the anodization was carried out for a 
time almost 12 times longer. Table 8.2 shows the amount of aluminium detected in the oxalic acid 
used to anodize a shear/compressive stressed aluminium substrate for 100 seconds. In this case 
the amount of aluminium is lower than the limit of the machine, i.e. negligible. If compared with 
the amount of aluminium recorded for a tensile stress sample with an anodization time only 3 
times longer the value is 20 times lower. 
The amount of aluminium released in the solution in the first 300 seconds of anodization 
of a tensile sample is comparable with the amount of aluminium recorded for 1 hour anodization 
of an unstressed sample. The use of XRD analysis to double check the presence of 
aluminium/aluminium oxide in the solution is impossible due to the amorphous nature of the 
material.   
The concentrations of aluminium measured using ICP-EOS and reported in Table 8.2 are 
considered valid given the good fitting of the calibration curve (Fig. 8.4). However, detection limit 
for aluminium is reported to be as high as 10 ppm [22] which means that each measurement can 
have an error of 10 ppm. This uncertainty does not invalidate or change our observations but the 
concentration values can only be compared with each other. Current efficiency calculations 
cannot be made using these results as absolute values due to the high percentage error of 10 
ppm. 
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8.5  Discussion 
 
The first set of analysis on the aluminium substrates before anodization (Fig. 8.6) shows a 
similar microstructure for an unstressed and a tensile stressed substrate whereas the 
shear/compressive stressed substrate presents a texture with a preferential orientation given by 
the cold working process. Metal thin foils are generally produced by rolling mill; however, the foils 
are then annealed in order to relieve stress and homogenize the grain size through diffusion.   
The second set of analysis concerned the results of anodization processes which involve 
the surface of the substrate. Unstressed and shear/compressive stressed substrates display 
anodizing current versus time curves (Fig. 8.9 a and b respectively) which agree with literature 
examples [23]. By contrast tensile substrates exhibit higher current during anodization (Fig. 8.10) 
with aluminium particles dissolution into the electrolyte solution (Table 8.2). AFM analysis (Fig. 
8.7 a, b and c, and Fig. 8.8 a and b) confirmed this division between unstressed-
shear/compressive substrates on one side and tensile stressed substrate on the other side: 
surface nanostructure roughness on tensile stressed substrate is organized in trenches instead of 
circles (Fig. 8.8 a). ICP-EOS measurements proved that the white particles responsible for the 
translucent oxalic acid during anodization of tensile stressed substrates are aluminium particles. 
Considering the behaviour of an unstressed sample as the reference, Table 8.3 
summarizes the results obtained. 
 
Table 8.3: summarize of the results of stressed substrates analysed using different techniques before, 
during and after anodization. Unstressed substrate’s behaviour is considered as reference. 
  
EBSD 
microstructure 
AFM 
surface 
ICP-SEM 
anodization 
shear/compressive 
stressed sample 
orientation / / 
tensile stressed 
sample 
/ trenches 
higher current, 
particles 
 
Results displayed in Table 8.3 suggest a correlation between surface morphology and 
electrochemical anodization but not between microstructure and anodization.  
 With Fig. 8.10 in mind, PAA membrane growth on a tensile stressed substrate is analysed 
step by step. As for an unstressed sample the initial decrease in the current is a sign of aluminium 
oxide growth and pore nucleation. The following higher value of the current is accompanied by 
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aluminium oxide dissolution as particles into the oxalic acid (confirmed by ICP-EOS 
measurements). The evident fluctuations in the values of the current suggest that the dissolution 
process does not occur only because of the acidity of the electrolyte used but a detachment of 
PAA is involved. In addition the amount of aluminium measured using ICP-EOS (Table 8.2) 
reinforces the idea that a thick layer of PAA membrane detaches or keeps detaching from the 
surface and makes the transparent oxalic acid translucent. Nevertheless the PAA membrane 
keeps growing on the substrate given that pores can be imaged on the sample at the end of the 
anodization (Fig. 8.12 a) and FFT analysis shows an increase in the long range pore ordering (Fig. 
8.13 a).  
A well-known method to achieve long range pore ordering is called two-step anodization 
[24]. During this process a first PAA membrane is chemically removed leaving a patterned 
aluminium where a second PAA membrane can develop. The second PAA membrane grows on 
the mark of the first one with an increase in the pore ordering. Experimental results presented in 
this chapter suggest that a process similar to a two-step anodization happens on the surface of an 
unconstrained stressed substrate (tensile stressed sample). An initial porous membrane grows on 
the surface of the tensile stressed sample but shortly detached leaving marks which act as pattern 
for a second PAA membrane with an increase pore ordering. Trend of the current, ICP-EOS and 
FFT analysis support this statement. 
The question remains open as to what makes the initial PAA membrane detach from the 
tensile stressed substrate in first place. Results summarized in Table 8.3 suggest a correlation 
between surface morphology and anodization, therefore a possible explanation could involve the 
changes in the surface morphology introduced by the plastic deformation. During anodization 
aluminium on the surface of the substrate is converted into oxide forming the PAA membrane. If 
the plastic deformation is not uniform in the sample then aluminium with different plastic 
deformation is progressively exposed to the electrolyte and it can react differently during 
anodization. 
Two hypotheses are suggested to explain the increase in the current during anodization 
and the following detachment of the PAA membrane. Both hypotheses start from the influence of 
the surface morphology but one concerns the electrochemical reactivity whereas the other 
involves a mechanical action. 
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8.5.1    Electrochemical reactivity 
 
Eq. 8.5 reported in section 8.2.1 shows that the current during the pore initiation of a 
layer is controlled by different parameters. One of the parameters ( 0N ) is defined as the number 
of superficial active sites where adsorption of atoms is easier. These sites can be defects, 
vacancies or dislocations [12] at the surface. When an aluminium substrate is tensile stressed, 
dislocations start moving according to the deformation of the material. Tensile stress is 
unconstrained which means that dislocations can migrate and emerge at the surface. Those slip 
lines arise generally in the grain and not at the grain boundary, in that metals with bigger grains 
have a higher concentration of emerging planes. The consequence is a natural increase in the 
electrochemical reactivity which has been noticed before in corrosion experiments [25]. Corrosion 
as electrochemical process is favoured on tensile stressed surfaces. During layer formation an 
increase in the number of active sites promotes islands of pores which grow and merge faster. 
This general observation can be applied to PAA development on tensile stressed substrates. Both 
short pore initiation time and high current in Fig. 8.10 support this statement. The stress 
developed during this faster initiation is sufficient to lead to detachment of the first PAA layer.    
 
8.5.2    Mechanical action             
 
 The PAA membrane grown during anodization is amorphous so no mismatch between the 
lattice of the oxide and the lattice of the aluminium can be considered. However, the aluminium 
oxide develops because aluminium ions from the metal lattice react with oxygen ions coming 
from the electrolyte. Therefore it is possible that the deformation of the lattice in the aluminium 
is transferred to a certain extent to the amorphous oxide. Aluminium oxide is a ceramic material 
with different mechanical properties from aluminium. Therefore the deformation at the interface 
could increase until the point of detachment. Once the superficial aluminium layers’ heavily 
deformed it dissolves in the electrolyte, PAA membrane can keep growing on a substrate with a 
lower concentration of stress.  
 Another possibility involves the fact that the difference in the surface morphology 
between tensile and shear/compressive substrates (Fig. 8.8) lies on nanoscale features. The 
trenches observed are compatible with the average pore distance of the resulting PAA 
membrane. Although SEM images of the final porous layer do not show a line distribution of the 
pores, nothing can be said on the PAA membrane which initially grows on the tensile stressed 
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substrate. If the pores are at first forced to an unnatural distribution, then the stress can increase 
until detachment of the oxide layer.       
 
Many other hypotheses can be made based on our limited number of experimental observations. 
Interaction between stress and pore development has been the object of only a limited number 
of studies which mostly focused on the experimental aspects and results [6-7]. A systematic study 
should be undertaken to validate a model.    
 
8.6  Conclusion 
 
 This chapter summarizes a limited number of experiments aiming to investigate the 
relationship between plastic deformation introduced in substrates before anodization and PAA 
membrane nucleation and development.  
Three kinds of substrates were compared: unstressed aluminium, shear/compressive 
stressed aluminium and tensile stressed aluminium. Analyses were performed on the substrates 
before anodization in order to investigate their microstructure and grain orientation (EBSD) and 
their surface (AFM). Then all the substrates were anodized in oxalic acid at the same voltage. 
Trend of the current, concentration of aluminium in the electrolyte after anodization and pore 
ordering were compared. 
Results are considered as a partial work which gives us some hints about the influence of 
plastic deformation in substrate before anodization on aluminium anodization. Nevertheless 
some observations result interesting and worth of further studies. Tensile stressed substrates 
showed a higher anodizing current, shorter PAA nucleation time and a much higher concentration 
of aluminium in solution than the other two kind of substrates. Moreover it presents a different 
superficial structure with nano-trenches equally spaced.  
The preliminary results gathered suggest that the surface morphology has a strong 
influence on PAA nucleation and development. Therefore two theories are proposed: one based 
on an increase in the electrochemical reactivity because of emerging dislocation on an 
unconstrained stressed substrate and the other based on the different mechanical properties 
between aluminium and aluminium oxide.  Both theories are only partially supported by the 
experimental observations presented and neither of them can be considered fully explanatory for 
the phenomenon.  
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8.7  Future work 
 
The work presented in this chapter is the result of a partial investigation on the influence 
of plastic deformation introduced in substrates before anodization on PAA membrane 
development. No systematic analysis was carried out to establish a quantitative relation between 
the percentage of plastic deformation in the substrate and the increase in the anodizing current 
or long distance pore ordering. Further work is necessary to understand whether superficial 
morphology changes with the deformation level and whether electrochemical reactivity or 
mechanical actions is responsible for the experimental results obtained.  
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Chapter 9: Conclusions and Outlook 
 
The aim of this thesis was to determine whether PAA membranes can be employed as 
interleaved reflectors for visible light in displays and to develop an anodizing procedure applicable 
on large scale to realize PAA reflectors.  
The influence of electrolyte concentration, temperature and voltage on pore nucleation 
and development was investigated before analysing the optical properties of PAA membranes. 
Results show that the material forming the porous structure has different density and refractive 
index from crystalline aluminium oxide and its properties depends on the anodizing voltage and 
impurities/defects in the amorphous material.  
Using the correlation between voltage, electrolyte, temperature and pore geometrical 
parameters, PAA membranes with periodic changes in the structure along the main pore main 
axis were realized. In a first case pores with a change in the diameter along the main axis were 
realized by performing anodization in different electrolytes. In a second case two different porous 
structures with interesting reflectance spectra were obtained by changing periodically the voltage 
between 53 V and 25 V. The two groups of structures were defined as necked membranes and 
branched membranes. Necked membranes did not present branches in the porous structure: the 
number of pores remains the same along the whole structure but their diameter increases and 
decreases periodically showing enlargements and restrictions. Reflectance spectra of these PAA 
membranes showed a single peak and could not be modelled as Bragg reflectors suggesting that 
the structures might present periodic changes in the refractive index along the pore main axis 
instead of a sharp change at the interface between layers. The single reflectance peak of necked 
samples could be shifted along the whole visible region by changing the temperature during 
anodizing in a range of 7 °C. By contrast branched membranes presented periodical branches 
whose length could be controlled by the value and duration of the voltage applied. These 
structures presented reflectance spectra with multiple peaks in the visible region and a main 
reflectance peak in the infrared. The spectra were successfully modelled as reflectance spectra of 
a Bragg reflector whose alternating layers had the refractive indices corresponding to the 
branched layer and to the main pore layer. These refractive indices were obtained from 
ellipsometrical measurements on PAA membranes anodized at constant 53 V and 25 V, according 
to the highest and lowest voltage of the periodical anodizing procedure.  However, studies on 
nucleation in Chapter 3 proved that there is a limit in the lowest voltage that can be applied to an 
aluminium substrate in order to obtain pore nucleation. After pores nucleate on the aluminium 
substrate, their shape can be modified by changing the voltage. In addition the voltage cannot 
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suddenly drop or rise as a recovery time is necessary to re-establish the equilibrium between the 
electrochemical reactions of oxide dissolution and oxide growth. Equilibrium of the opposing 
reactions of oxide growth and dissolution is pointed out by a constant value of the current in that 
there is a constant resistance when a constant voltage is applied to the system due to the 
correlation between voltage and barrier layer thickness. Electrochemical reactions of aluminium 
oxide growth and dissolution are responsible for re-establishing a new barrier layer thickness 
when the voltage is changed and the current stabilizes to a new value. 
Different techniques were used to investigate PAA membranes such as SIMS, 
ellipsometry, contact and optical profilometry and SEM. Platinum deposition was performed to 
increase the contrast between pores and aluminium oxide/hydroxide matrix in backscattered SEM 
images. A procedure involving an exponential decrease in the voltage was designed for PAA 
membranes for metal deposition in order to ensure a homogeneous filling in the pores. Although 
the use of platinum improved the quality of the images enough to highlight the periodic changes 
in PAA membranes anodized under cyclic voltage, the limit in magnification achievable using SEM 
did not allow the measurements of the difference in pore diameter among necked samples 
anodized at different temperatures. The imprecision of the measurements limited the possibility 
of modelling the structure and verifying the presence of 2D symmetry in these photonic crystals.  
In conclusion the periodic anodizing procedure employed to achieve periodic porous 
structures can be scaled to larger area in order to produce low cost PAA membranes with 
reflection peaks at precise wavelength. The periodic PAA membranes anodized presented two 
different structures defined as necked and branched. Both porous structures showed reflectance 
spectra with reflectance peaks in the visible range. Based on reflectance spectra and anodizing 
procedures, both structures are considered promising for future application as interleaved 
reflectors in stack reflective display. 
The present thesis aimed at investigating the possibility of use PAA membranes as 
interleaved reflectors. Further analyses are necessary to improve the reflection spectra of the 
periodic structures. With regard to necked membranes a precise control of the temperature over 
long time is crucial for 10 hour anodization as the reflectance peak can shift to all wavelength of 
the visible regime with a temperature variation of 7 °C. Moreover the similarities with a 2D-3D 
photonic crystal should be studied further particularly to develop a model for the reflectance 
spectra and to achieve a sharper reflectance peak. With regard to branched samples the use of 
the ellipsometrical software instead of Matlab to simulate reflectance of multilayered structures 
will allow the generation of spectra at different angles of incidence considering the anisotropy of 
the PAA membranes. A further step closer to the real reflectance spectrum could be obtained 
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improving the ellipsometrical fitting for PAA membranes anodized at constant voltage: a more 
accurate value of the refractive index for the main pore and branched layers will affect the 
simulated spectra and also the determination of the refractive index of aluminium 
oxide/hydroxide at different experimental conditions. In addition the use of integrating sphere is 
suggested for reflectance quantitative analysis and to detect the presence of absorbance or 
scattering in the visible regime.       
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Appendix A: Impedance measurements 
 
A prototype potentiostat from IVIUMstat was used to take four impedance spectra during 
anodization. Two electropolished aluminium substrates were anodized first at 40 V in 0.3M oxalic 
acid, then the output of the potentiostat was maintained at 40V while the system performed two 
consecutive impedance measurements. The aim of the experiments was to compare the resulting 
signal with literature [1-3] and to investigate the possibility of performing consecutive impedance 
analysis to check eventual changes in the resistance. As the prototype was available only for a 
limited period of time and only four spectra were taken results are presented but not analysed or 
commented upon. Both Nyquist and Bode plots are presented for each impedance spectrum.  
 
Experiment 1 
 anodization in 0.3 M oxalic acid at 40 V for 400 seconds; 
 impedance spectrum applying 40 V: 1 MHz to 1 mHz, amplitude 10 mA, no noise 
reduction, 5 acquisitions per frequency (Fig. A.1), voltage on at 40 V at the end of the 
acquisition;   
  
Fig. A.1: first impedance spectra, voltage applied 40 V, 1 MHz to 1 mHz, amplitude 10 mA, no noise 
reduction, 5 acquisitions per frequency.  
 
 immediate second impedance spectrum applying 40 V: 1 MHz to 1 mHz, amplitude 10 
mA, noise reduction, 5 acquisitions per frequency (Fig. A.2), voltage on at 40 V at the end 
of the acquisition, voltage at 0 V at the end of the acquisition. 
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Fig. A.2: second impedance spectra, voltage applied 40 V, 1 MHz to 1 mHz, amplitude 10 mA, noise 
reduction, 5 acquisitions per frequency.  
 
Experiment 2 
 anodization in 0.3 M oxalic acid at 40 V for 400 seconds 
 impedance spectrum applying 40 V: 1 MHz to 1 mHz, amplitude 10 mA, noise reduction, 5 
acquisitions per frequency (Fig. A.3), voltage on at 40 V at the end of the acquisition   
  
Fig. A.3: first impedance spectra, voltage applied 40 V, 1 MHz to 1 mHz, amplitude 10 mA, noise 
reduction, 5 acquisitions per frequency.  
 
 after ~6 hour second impedance spectrum maintaining  40 V output: 1 MHz to 1 mHz, 
amplitude 10 mA, noise reduction, 5 acquisitions per frequency (Fig. A.4), voltage on at 40 
V at the end of the acquisition. The measurement was stopped because of noise in the 
signal.  
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Fig. A.4: second impedance spectra, voltage applied 40 V, 1 MHz to 1 mHz, amplitude 10 mA, noise 
reduction, 5 acquisitions per frequency.  
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Appendix B: New cell setup 
 
Based on results of pore profile modification achievable with anodization in different 
electrolytes (see Chapter 6) a new cell setup was designed in order to automate the change of the 
electrolyte. The new cell is based on the setup in Chapter 2 but with three additional holes in the 
Teflon body: two holes allow the recycle and change of the electrolyte during anodization and to 
clean the cell with deionised water between stages, whereas the last one is for waste electrolyte. 
The waste tube aims to avoid overflow, hence it is designed higher than the normal exit for the 
electrolytes. 
Fig. B.1 shows the cell and Fig. B.2 shows the possible hydraulic circuit. With reference to Fig. 
B.2 a possible anodization with two electrolytes is described below.  
- Oxalic acid in the cell (first valve: 3, 4 open, others close; second valve: 5, 7 open others 
close). The close circuit is necessary to keep a constant temperature and provide fresh 
electrolyte. 
- Washing of the cell (first valve: 2 open, others close; second valve: 5, 6 open, other close). 
The fluid just goes into the waste 
- Sulphuric acid in the cell (first valve: 1, 4 open, others close; second valve: 5, 8 open, 
other close) 
- Washing of the cell (first valve: 2, 4 open, others close; second valve: 5, 6 open, other 
close) 
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NEW CELL SETUP 
 
 
Fig. B.1: cell setup. 
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Fig. B.2: possible hydraulic circuit for anodization. 
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Appendix C: Matlab code 
 
 clear all 
  
load('Aluminium.mat'); 
  
n0=1; 
n1A=1.3653; 
n1B=0.0034; 
n2A=1.452; 
n2B=0.0085959; 
n3=transpose(Aluminium(:,2)); 
  
theta0=0.26; %angle of incidence in radians 
  
d1=440;     % thickness of layer #1 
d2=550;     % thickness of layer #2  
N=100;      % number of double-layers  
  
minlambda=270;              %wavelength in nm 
maxlambda=750;             %wavelength in nm 
  
  
maxenergy=1240/minlambda; 
minenergy=1240/maxlambda; 
diflambda=maxlambda-minlambda+1; 
lambda=minlambda:1:maxlambda; 
energy=1240./lambda; 
RTE=zeros(1,diflambda); 
RTM=zeros(1,diflambda); 
n1=zeros(1,diflambda); 
n2=zeros(1,diflambda); 
theta1=zeros(1,diflambda); 
theta2=zeros(1,diflambda); 
theta3=zeros(1,diflambda); 
n1TE=zeros(1,diflambda); 
n2TE=zeros(1,diflambda); 
n3TE=zeros(1,diflambda); 
n1TM=zeros(1,diflambda); 
n2TM=zeros(1,diflambda); 
n3TM=zeros(1,diflambda); 
a21TM=zeros(1,diflambda); 
phi1=zeros(1,diflambda); 
phi2=zeros(1,diflambda); 
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for i=1:1:diflambda 
  
n1(i)=n1A+n1B/((lambda(i)/1000)^2); 
n2(i)=n2A+n2B/((lambda(i)/1000)^2); 
  
theta1(i)=asin((n0*sin(theta0))/n1(i)); 
theta2(i)=asin((n1(i)*sin(theta1(i)))/n2(i)); 
theta3(i)=asin((n2(i)*sin(theta2(i)))/n3(i));     
   
n0TE=n0*cos(theta0); 
n1TE(i)=n1(i)*cos(theta1(i)); 
n2TE(i)=n2(i)*cos(theta2(i)); 
n3TE(i)=n2(i)*cos(theta3(i)); 
n0TM=n0*sec(theta0); 
n1TM(i)=n1(i)*sec(theta1(i)); 
n2TM(i)=n2(i)*sec(theta2(i)); 
n3TM(i)=n2(i)*sec(theta3(i)); 
a21TE=1; 
a21TM(i)=cos(theta1(i))/cos(theta0);     
     
phi1(i)=n1(i)*((2*pi)/lambda(i))*d1*cos(theta1(i)); 
phi2(i)=n2(i)*((2*pi)/lambda(i))*d2*cos(theta2(i)); 
  
MiTE=[(n0TE+n1TE(i))/(a21TE*n1TE(i)) (n1TE(i)-n0TE)/(a21TE*n1TE(i)); 
(n1TE(i)-n0TE)/(a21TE*n1TE(i)) (n0TE+n1TE(i))/(a21TE*n1TE(i))]; 
MiTM=[(n0TM+n1TM(i))/(a21TM(i)*n1TM(i)) (n1TM(i)-
n0TM)/(a21TM(i)*n1TM(i)); (n1TM(i)-n0TM)/(a21TM(i)*n1TM(i)) 
(n0TM+n1TM(i))/(a21TM(i)*n1TM(i))]; 
  
M0aTE=[(n1TE(i)+n2TE(i))*exp(-1i*phi2(i)) (n1TE(i)-
n2TE(i))*exp(1i*phi2(i)) ; (n1TE(i)-n2TE(i))*exp(-1i*phi2(i)) 
(n1TE(i)+n2TE(i))*exp(1i*phi2(i))]; 
M0bTE=[(n1TE(i)+n2TE(i))*exp(-1i*phi1(i)) (n2TE(i)-
n1TE(i))*exp(1i*phi1(i)) ; (n2TE(i)-n1TE(i))*exp(-1i*phi1(i)) 
(n1TE(i)+n2TE(i))*exp(1i*phi1(i))]; 
M0aTM=[(n1TM(i)+n2TM(i))*exp(-1i*phi2(i)) (n1TM(i)-
n2TM(i))*exp(1i*phi2(i)) ; (n1TM(i)-n2TM(i))*exp(-1i*phi2(i)) 
(n1TM(i)+n2TM(i))*exp(1i*phi2(i))]; 
M0bTM=[(n1TM(i)+n2TM(i))*exp(-1i*phi1(i)) (n2TM(i)-
n1TM(i))*exp(1i*phi1(i)) ; (n2TM(i)-n1TM(i))*exp(-1i*phi1(i)) 
(n1TM(i)+n2TM(i))*exp(1i*phi1(i))]; 
M0TE=(1/(4*n1TE(i)*n2TE(i)))*M0aTE*M0bTE; 
M0TM=(1/(4*n1TM(i)*n2TM(i)))*M0aTM*M0bTM; 
M0NTE=M0TE^(N-1); 
M0NTM=M0TM^(N-1); 
  
MeaTE=[(n3TE(i)+n2TE(i))*exp(-1i*phi2(i)) (n3TE(i)-
n2TE(i))*exp(1i*phi2(i)) ; (n3TE(i)-n2TE(i))*exp(-1i*phi2(i)) 
(n3TE(i)+n2TE(i))*exp(1i*phi2(i))]; 
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MebTE=[(n1TE(i)+n2TE(i))*exp(-1i*phi1(i)) (n2TE(i)-
n1TE(i))*exp(1i*phi1(i)) ; (n2TE(i)-n1TE(i))*exp(-1i*phi1(i)) 
(n1TE(i)+n2TE(i))*exp(1i*phi1(i))]; 
MeaTM=[(n3TM(i)+n2TM(i))*exp(-1i*phi2(i)) (n3TM(i)-
n2TM(i))*exp(1i*phi2(i)) ; (n3TM(i)-n2TM(i))*exp(-1i*phi2(i)) 
(n3TM(i)+n2TM(i))*exp(1i*phi2(i))]; 
MebTM=[(n1TM(i)+n2TM(i))*exp(-1i*phi1(i)) (n2TM(i)-
n1TM(i))*exp(1i*phi1(i)) ; (n2TM(i)-n1TM(i))*exp(-1i*phi1(i)) 
(n1TM(i)+n2TM(i))*exp(1i*phi1(i))]; 
MeTE=(1/(4*n1TE(i)*n2TE(i)))*MeaTE*MebTE; 
MeTM=(1/(4*n1TM(i)*n2TM(i)))*MeaTM*MebTM; 
  
MTE=MeTE*M0NTE*MiTE; 
MTM=MeTM*M0NTM*MiTM; 
  
r12TE=(-1*MTE(2,1))/MTE(2,2); 
r21TE=MTE(1,2)/MTE(2,2); 
r12TM=(-1*MTM(2,1))/MTM(2,2); 
r21TM=MTM(1,2)/MTM(2,2); 
  
RTE(i)=abs(r12TE)^2; 
RTM(i)=abs(r12TM)^2; 
  
end 
  
figure 
subplot(2,1,1) 
plot(energy,RTE) 
title('RTE') 
axis([minenergy maxenergy 0 1]) 
subplot(2,1,2) 
plot(energy,RTM) 
title('RTM') 
axis([minenergy maxenergy 0 1]) 
  
figure 
subplot(2,1,1) 
plot(lambda,RTE) 
title('RTE') 
axis([270 750 0 2]) 
subplot(2,1,2) 
plot(lambda,RTM) 
title('RTM') 
axis([270 750 0 2]) 
 
